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To my wife Marion



Preface

Tuis 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 part II and part IV of the
Institution of Metallurgists examinations. It does, however,
cover the requirements of a large number of professional,
technical and university courses. For 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

FurNAcE 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-
pearsdesirable, any attempt to do so would raise the temperature
of the “cold end” tosuch a value that the refractory would fail
by deformation under the existing compression stresses. In all
instances of furnace insulation there is an optimum beyond
which the additional 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



xvi INTRODUCTION

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.



CHAPTER 1

Introductory

1.1. INTRODUCTION

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
maceral, 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 macerals.

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 both 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. PRESENTATION OF ANALYSIS

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
at 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 at 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 standard conditions. But there is a com-
paratively simple relationship: the King-Maries—Crossley for-
mula (KMC) where mineral matter (MM) is given by :

MM = 1-13 ash +0-5 pyritic S+0-8CO;—2-8S
in ash+2-8 SO4+0-5Cl.

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

MM = 1-10 ash+0-53 total S40-74 CO, —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 dm.m.f. value will be higher than the found value
(there will be more carbonaceous matter).

CV as determined X 100

Hence, CV (d.a.f) = 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 P is a parameter (other than volatile matter)
then:

Px100
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 = 0:13 ash+0-2S+0-7 CO,—0-13.

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
important 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-

d.a.f analysis =

2%



4 CALCULATIONS IN FURNACE TECHNOLOGY

ing procedureisadopted. Consider the following gas with volu-
metric analysis as indicated: CO, 8; COy, 2; Hj, 60; CHy, 309%,.
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
(V)
CO = 8x28 =224 24-5
CO, = 2x44 = 88 912 9:6
H, =60x 2=120 ~ 13-3
CH, = 30X16 = 480 52-6
912 100-0

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 Q1/Q» = T1/T, where Q1 is the heat
absorbed by an ideal engine at the higher temperature T, and
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Q3 the heat rejected at the lower temperature T, when operat-
ing a Carnot cycle.

In 1954 the Tenth Conference of Weights and Measures
adopted a resolution which defined the “triple point™ 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 at 0-0100°C below the triple point of
water, so that the practical scale and the thermodynamic scales
are in agreement by definition at 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), K (Kelvin), and R (Rankine).

0°C = 32°F;  100°C = 212°F;

1°F = 5/9(t—32)°C;

£°C = (32+ 1-81)°F;

1K = 18 R;

tK = £C+273-16 and ¢R = °F+459-67.

Normal temperature and pressure (NTP) is taken as 0°C
(32°F) and 760 mmHg pressure. For 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 standard temperature and pressure (STP).

It is proposed that the future standard 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 NTP may be revised to 0°C
and 1 bar (1000 mbar); 1 bar = 750 mmHg.

Quantity of heat

Heat 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-Fahrenheit 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 Ib of water from 60° to 61°F.
The mean Btu is 1/180th of the heat required to raise the tem-
perature of 1 1b 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 amount of heat required to raise the temperature of 1 g
of water from 15° to 16°C. The mean calorie is 1/100th 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. Tt is the amount of heat required to raise
the temperature of 1 1b 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=Nm.

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

N = kg m/s?.
Thus J = kg m?/s2.
1 cal = 4-1868 J; 1 Btu = 1055-06 J.
1 Btu = 252 cal = 0-556 Ib-cal.
1 Kcal = 1000 cal.
1 therm = 100,000 Btu.
1 thermie = 4-1868 MJ.

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



INTRODUCTORY 7

heats at constant volume and constant pressure, denoted by
C, and C, respectively.

Liquids and solids undergo only small volume changes over
a temperature change of one degree and C, and C, can be
taken as equal for most purposes. For 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 unit 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, = A+BT+DT*+ET*+ ....

It is convenient to express specific heats in terms of the mean
value between two temperature ranges (e.g. 0° and #°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, and can 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 at constant pressure
will give results well within the accuracy of most combustion
computations.

Sensible heat

This is the term given to the heat content of fuels and their
combustion products over and above a specified datum level.
Sensible heat is heat that can be sensed, that is, if heatis applied
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to a system then it is immediately “sensed” by arisein 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 MC, X temperature difference. MC,
is the mean specific heat at constant pressure. For 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 MC, on a volume basis is used instead of a mass
basis. It is evident that although 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 at which the volume is
measured will be important, as also is MC,. Hence, by conven-
tion, the MC, 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 NTP. Hence the volume to be used in the calcula-
tions is the volume of gases measured at NTP.

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 Ib of water is converted into
steam at 1 atm pressure and at 212°F then 970-1 Btu are ab-
sorbed; the temperature of the system remains constant dur-
ing the change.

ST 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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TaBLE 1. Basic SI Unirs
Quantity Unit Symbol

length metre m
mass kilogram kg
time second s

temperature kelvin K
electric current ampere A
luminous intensity candela cd

TaBLE 2. DERIVED UNITS WITH SPECIAL NAMES

Quantity Units Symbol
force newton N = kg m/s*
work energy joule J =Nm
power watt W =1J/s
electrical potential volt V = W/A
luminous flux lumen Im = cd sr
illumination lux Ix = Im/m?
TaBLE 3. DErIvep SI Units wita COMPLEX NAMES
Quantity Units Symbol
area square metre m?*
volume cubic metre m?
frequency hertz Hz =: s~
density kilograms per cubic
metre kg/m?®
velocity metre per second m/s
pressure, stress newton per square
metre N/m?
thermal conductivity watt per metre kelvin W/m K

kinematic viscosity

square metre per
second

m?/s
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TABLE 4
Multiplication factor Prefix Symbol
1 000 000 108 mega M
1 000 103 kilo k
100 102 hecto h
10 10t deca da
01 10— deci d
0-01 102 centi [
0-001 1073 milli m
0-000 001 10~ micro )
TaBLE 5. CoNveRSION FACTORS
Length 1 in. 25-4 mm
1 A (angstrom) 107 m
Mass 11b 0-453 592 37 kg
1 ton 101606 kg
Force 1 pdl 0-138 26 N
1 dyn 107 N
Energy (work, heat) 1ftlbf 13558
1 ft pdl 0-042 147
1erg 10777
1 cal (int.) 4-186 8 J
1 Btu 1-055 06 kJ
1 kWh 3-6 MJ
1 therm 105-51 MJ
Calorific value 1 Btu/ft? 37-259 k¥/m?
1 Btu/Ib 2-326 kJ/kg
Velocity 1ft/s 0-304 8 m/s
Pressure 760 mmHg 1013 mbar
1 in. water 249-09 N/m?*
1 mmHg (1 torr) 133-32 N/m?

1 1bf/in?

6-894 8 kKN /m?

Heat transfer coefficient

1 Btu/h ft* °F

5678 3 W/m* K
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Specific heat 1 Btu/lb °F 4-186 8 kJ/kg K

1 Btu/ft® °F 67-066 kJ/m? K
Thermal conductivity 1 Btu/h ft °F 1-730 7 W/m K -
Power 1 hp (British) 57w

1 ft 1bf/s 1-3558 W

1 Btu/h 029307 W

1 erg/s 1077 W
Density 1 Ib/ft? 16-019 kg/m?
Viscosity, dynamic 1 poise 0-1 Ns/m?

11b/fth 0-413 38 mNs/m?

11b/fts 1-488 2 Ns/m?
Viscosity, kinematic 1 stoke 1074 m?/s

1 ft*/h 0-258 06 cm?/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.

For 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 combustion. For 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 at
60°F is taken as 1055 Btu/lb. At 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 IbX 1 (speci-
fic heat water)X (212 —-60) = 152 Btu. The total heat of con-
densation and cooling = 970-1+152 = 11521 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.)

For solid and liquid fuels (per 1b):
net CV = gross CV —1055X M,

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

net CV = gross CV —2454 X M’,

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

For a gas:
net CV = gross CV —50V,

where V' = volume of hydrogen in 1 ft® 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 Gouthal formula based
upon proximate analysis gives

CV gross, Btu/lb = 147-6 C+aV/,
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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 20 25 ! 30 35 40
|

I
a ‘ 270 | 261

|

15
210-6

|
|
|

196~2‘ 1854 176-4 1711 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 —0/8)+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 869, this formula can be
expected to give results within 150 Btu of those obtained by
direct determination. With fuels containing over 909, carbon
the formula ceases to be accurate; also when the oxygen con-
tent exceeds 79;.

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

mula
CV gross, Btu/lb = 22,320 —-3780d?,

where d = SG 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 “bomb” immersed in water, the
temperature of which is measured. This measures the gross
calorific value of the fuel 2t 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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stant pressure, may be 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 0-19;, 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.

TABLE 6. CALORIFIC VALUES OF ELEMENTS AND SIMPLE
GASEOUS COMPONENTS

CV (Btu/ft?)

MJ/m? CcvV Cv
NTP | STP | STP (NTP | (Btu/lb (kJ/kg
gross | gross | net gross)| gross) £ross)
Carbon monoxide
(CO) 341 318 318 | 12-7 4,390 10,320
Hydrogen (kH,) 343 320 | 270 | 12:8 61,340 142,000
Methane (CH,) 1067 995 895 | 39-7
Ethane (C,H,) 1855 | 1730 | 1580 | 69-0
Propane (C;Hy) 2660 | 2480 | 2280 | 848
Ethylene (C,H,) 1673 | 1580 | 1460 | 62:2

Propylene (CzHg) 2467 | 2300 | 2150 | 91-0
Hydrogen sulphide

(H,S) 703 7,330 17,080
Carbon (to CO) 4,350 10,135
Carbon (to CO,) 14,590 33,995
Sulphur (to SO,) 3,930 9,156

Sulphur (to SO;) 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. STATISTICAL ANALYSIS

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 importancein 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 N samples from a population K. Nume-
rical characteristics of a population 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 population K has the same probability
of selection, viz. 1/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 “random” or “spot”
selection is open to the effect of prejudice on the part 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.

= X1+Xg ... XK _ EXK
K K

For a limited number of observations, randomly selected
(samples), an unbiased estimate of y is the mean of the samples
2Ky

N

A

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

and d:xN_;ua

where K is the number of measurements.

2d? . Y
= —— = varlance V.
K

2

o

The variance ¥ is linearly additive provided that the sources of
variants are independent.
The equivalent parameters for samples are

IR
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However, this is a biased estimate of ¢ unless X is identical with
w. This need not be true because X is only an estimate of . The
best estimate 52 that can be made is

N

2 2.
il S Rt

zd?
h = =2 0.
thus A V( N1 )
The term N—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,
N —1 of the results could have any value, but the Nth term

would have its value defined by the actual values of the N—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

U = e LG

where h? = 0%, ¢ is the standard deviation, and 4 is the pre-
cision index.

In the Gaussian expression, the probability that an observa-
tion falls between x; and x. is given by

P= ;/’15 f fexp [—H2(x — 21} dx.

D : CIFT 3
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Y

Frequency

Value of Mheasurement ¥

F1G. 1.1. Normal or Gaussian distribution curve

X— d
The term 1/(2) h(x - u), viz. —aﬁ = is generally referred to
as C the normal deviate.
Thus

C,
1
P= o J lexp (—L C2)ldC.
Cy

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

: Cy2
1
_ — _C?2
3 erf (C+/2) v J exp (—C?) dC.
0
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+S8,x+2S, and x+ 38, are 68-3, 95-4, and 99-79%, respec-
tively. Thus 95-4%, of the population has values which lie
between X 4-2S.

Significance of results

It 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,
that 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 attains.

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

VN

The analogous term for variance = S?/N.

The corresponding estimate then becomes
X—p _ (X—p)vN

Sy S )

Tables are available in which the probability of # exceeding
certain limits is given. Another useful test is based upon the
F (Fisher) distribution. Provided that two series of samples are
taken from the same population their variances are determined
independently.

Standard error of mean S, =

t =

_ 5t

F—-?%.

Here the probability of F exceeding a certain value depends
only upon the number of degrees of freedom for the two series.
It can be decided whether the variances of the two series of
results are likely to be equal. Tables of F values are available
in standard 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 24-19%, 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|26-0| 24-8 261 25-3| 257|220
Lab. 2 124-7 24-2 | 24-9 | 25-1]23-8 | 25:0}24-4{24-7|24-0| 248
TABLE 6A
No.| Lab. 1 | (x—%) ' (x—Xx)? Lab.2 | (x—X) (x—x)
1 25-0 +0-17 0-0289 24-7 +0-14 0-0196
2 24-7 -0-13 0-0169 242 —-0-36 0-1296
3 23-5 —1-33 1-769 249 +0-34 0-1156
4 25-2 +0-37 0-1369 251 +0-64 0-4096
5 26-0 +1-17 1-3689 23-8 -076 0-5776
6 24-8 +0-03 0-:0009 25-0 +0:44 0:1936
7 26-1 +1-27 1-6139 24+4 —-016 0-0256
8 25-3 +0-53 0-2809 24-7 +0-14 0-0196
9 257 +0-87 0-7569 240 +0-56 0:3136
10| 22-0 —2-83 8-0089 24-8 —-0-24 0-0576

X = 24-83 X = 24'56
2d? = 13-982 2d? = 1-862
standard deviation standard deviation
P b 2d*
N-1 N-1
S = 1-247 S = 0-4528
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The first stage is the preparation of tables of (x —Xx) and
(x—x)? for every result. This has been done and is set out in
Table 6A.

In evaluating 2d? the mechanical operation becomes tedious
when N is large, but the formula

[2x—-L))*

Tt = Sx—Lp — ==

may be used. L is any convenient round number near the mean.
The use of this formula is illustrated in Table 6B, taking
L = 250.

TABLE 6B

No. Result (x—L) (x—L)y
1 250 0 0
2 24+7 —-0-3 0-09
3 235 -15 2:25
4 252 +0-2 0-04
5 260 +1-0 1-00
6 24-8 -02 0-04
7 261 +1-1 1-21
8 25-3 +0-3 0-09
9 257 +0-7 0-49
10 220 -3-0 9-00
—-17 14-21

2d? = 14-21—21'—?)9 = 139

The significance of these results can be determined by applica-
tion of the # and F tests referred to previously.
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Lab. 1 Lab. 2
s 1-247 0-4528
? V10 V10
0-3942 0-1472

,_ X=n 24-83—24-10 24-56—24-10
TS, 0-3942 0-1472
1-799 3125

From tables of ¢ versus degrees of freedom, P for Lab.
1 = 0-1 and for Lab. 2 = 0-01 (degrees of freedom = N—1).
This means that the probability of such a difference occurring
by pure chance variation for Lab. 1 is approximately 10%;
for Lab. 2 the probability of there being a difference of 0-46
between the mean and the true result is only 19%. This suggests
that in Lab. 1 the results are not 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.

P = 0-05 corresponds to a significant result;
P = 0-01 corresponds to a highly significant result.

The corresponding F value is

13-98 /1-86
—9~/——9~ =73.

From 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 19%. If they are from the same population
they should be equal and this can only mean that the workers
from the two laboratories have different characteristics.

F:
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ExAMmPLE 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.

Z(xl—f1)2
2
Si=—FNT
E(XQ—XQ)Z
2
5% = Ny—1

The combined estimate of o for both samples
. Z'(xl —f1)2+ Z(XQ —f2)2
- Ni+Ny—2

To find if there is any difference between X, and X, the ¢
value is calculated.

{ = )?1 ——56:2 N1><N2
- S ( Ni+Ns )
In this particular example

5o /(13981862
- ( 10+10—2 )

‘- 24-83 —24-56 10< 10
h 0-938 (10+ 10)’
0-274/5

From ¢ tables P = 05 [degrees of freedom (N1+Ng2—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 that such a difference
has been obtained is not significant, and each laboratory has
carried out the analysis with similar accuracy.

Sz = variance.
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CHAPTER 2

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 at 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 not
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
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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 optimum 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. For 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.

TABLE 7. COMPOSITION OF DRY AIR

Volume Weight
%) 6
Oxygen 21 232 (23)
Nitrogen 79 768 (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:
2H,+ 03 = 2H,50.

At NTP the molecular weight in grams of an ideal gas occu-
pies 22-4 1. and the molecular weight in kilograms occupies
22-414 m3. Similarly, the molecular weight in pounds occupies
359 ft3. At STP (saturated) the molecular weight in pounds
occupies 385 ft3. At STP (not saturated) the molecular weight in
pounds occupies 379 ft3.

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.

ExamPpLE 2.1

A gas of the following volumetric composition: O, 0-4;
co,, 2-0; C,H,, 2-6; CO, 74; H,, 540; CH,, 280; N,
56 %, is burned with air.

The relevant combustion equations are:

2C3Hg+ 702 = 4CO2+6 HyO;,

2C0O+ 0, = 2CO0g;
CH4+20; = COz+2H,0:;
2H,+0- = 2 H»O.

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? of gas

= 91437+ 56427 = 95-8 md.
There is already 0-4 m? of oxygen in the gas, hence the oxygen
needed to be supplied by an external source (air)
= 95-8—0-4 = 95-4 m® at NTP.
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The air needed for combustion per cubic metre of gas
95-4 <100
= 21%100

(02 = 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.

= 4-54m3.  (Answer)

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/1b (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 = 5 = 7-4kg-atom; S = 35 = 0-025 kg-atom;
5-0 34
H, = - = 2:5 kg-mol; Oz = 3 = 0-106 kg-mol;
Ns = 42 _ 0053 kg-mol
=5 = g-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; = COqs; O requirement = 7-4 kg-mol;
S+ 02 = SOs; O; requirement = 0-025 kg-mol;
2H,;+ 0, = 2 H20; O, requirement = 1-25 kg-mol.
Oxygen required for combustion

= 7-4+1-254-0-025-0-106 = 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.

100 8-569
21

= 40-82X22-4 = 914-7 m3 at NTP.

Air requirement = = 40-82 kg-mol

Hence 1 kg of a d.a.f. coal would require 9-147 m? of air for
combustion (measured at NTP).

Alternatively, if the weight of air for combustion is required
then it may be obtained as follows:

Os requirement = 8-569 kg-mol.

By definition, 1 kg-mol = molecular weight in kilograms.
Hence oxygen requirement = 8-569 X 32 kg-wt.
Therefore if oxygen supplied as air, then weight of air

_ 856932

3 = 1196-5 kg-wt. (composition air 23%, Os).

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)
100

= 777 m® at NTP.  (Answer.)

Volume of air =

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. Although water from
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the combustion of hydrogen does not appear in the gas analy-
sis, nitrogen from the combustion air does remain in the dry
gas.

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:
0-053X85%x22-4

_— — 0 3
N, from coal = 100 100 0-01 m3.

(It must be remembered that 0-053 kg-mol of nitrogen are
present in 100 kg d.a.f. coal.)

Ny from combustion air = M = 6-]1 m3.
100
0-025x85x22-4
— = 0 3
SO, = 100 100 0-005 m3.
74X 85X22-4
_ - 1- 3
CO: = Toox 100 14 m?.

Hence volumetric analysis at NTP:

-4 .
€02 = 12300051 001 1 608 <100 = 187%.
0-005 .
302 = 141 0:0057 0:01 1 608 <190 = 007%.
Ne = OOLHEO8) 100 = 513%.

1-4+0-005+0-0146-08

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 at NTP must be calculated and then the gas laws ap-
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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 7X22:4 s

Water vapour from combustion of hydrogen in coal
2:5X85X22-4 s

= “Tooxioo = 00 m*

N, from combustion air = 6-08 m3.

N, from coal = 0-01 m?.

SO, = 0-005 m3.

COg =14 m?

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

Total volume of wet gas at NTP = 8-:082 m3. Volumetric
analysis:

_ (6:08+0-01)  cmo

COo, = 14 X100 = 17-4%

27 3082 - o
0-005 .

502 = m XIOO = 0-06 A.
_ (0:5+0-087) Came
H;0 = ~gmes—=X 100 = 729,

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.

Gross CV as-fired = M

T0p— = 30700 kl/ke.
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Net CV = gross CV — 2454 X weight of water in products of
combustion.

Weight of water from combustion of hydrogen

2:5X 18x85
= 00x100 0-38 kg-wt.

Weight of water from coal as moisture = 0-07 kg-wt.
Net CV = 30,700 —(2454 < 0-45)
= 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 part 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. Most 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 1009 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
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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.

20
‘

o
o]
3 \
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10 X\
S 4 1 1 !
0 20 40 60 80 100
% Excess air
Fi1G. 2.1. Variation of carbon dioxide with excess air
10 /1
//)<
] / '
S e o
s
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x
2 -
1 ] . .
0 20 40 60 80 100

% Excess oi

Fi1G. 2.2. Variation of oxygen with excess air

D : CIFT 4
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Theoretical air required to burn 1 kg of as-fired coal is
7-77 m3. This represents 09, excess air, and the oxygen value
will also be zero. The percentage carbon dioxide is given by the
expression:

volume of carbon dioxide
€Oz = total volume of flue gas X100
1-4

- 75

With 209, excess air the denominator is increased by 209, of
the theoretical air. (Excess air is expressed as a percentage in
excess of the theoretical requirement.)

With 209 excess air:

X100 = 187%.

4 (o]
COy = 905 ———x 100 = 15-4%.
0, = volume of oxygen>< 100.

total volume

Since oxygen is 219 of air by volume, the volume of O,

21
I — = 3
100><155 0-326 m3.

~—26—>< 100 = 3-5Y%.

Hence Os percentage = 905

With 409, excess air:

Volume of combustion products = 7-5+»14§0~><7-8

= 10-62 m3.

1-4 o

COq —1062><100~132/,

09 volume = 21 ——X31 =065 m3

’ ~ 100 e
0-65 o

O, 1062><100—60/,

Percentages of carbon dioxide and oxygen for excess air values
of 60, 80, and 1009 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 but 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.

ExXAMPLE 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, from theoretical air = 6-1 m3.

N from coal = 0-01 m3.
SO, = 0-005 m3.
COq = 1-4 m®.
Excess air = a ms3.

In this case it is assumed that the 12 %, CO.includes any sulphur

dioxide.
9 COy = 1-405(CO4+ SO3) % 100.

1-4+6:1+0-01+0-005+a

a = 4-2 m3 excess air.
excess air

[2) Ip —
7 Bxcess air = o T air 100

42
=77

X100 = 54%,. (Answer.)

4
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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 39) 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 12-0
kg-atom of carbon.

- 632
total volume kg-mol

Thus 120 = X 100.

Volume gas = 52-5 kg-mol
= 52-5X22-4 = 1176 m3 at NTP.

Volume from 1 kg coal = 11-76 m3 at NTP.
The combustion products from 1 kg of coal are:

N (theoretical air+coal) = 6-11 m?.

SO, = 0-005 m3.
CO» = 1-4 m3.
Excess air = g m3.

Therefore excess air = 11:76 ~7-515 = g = 4-245 m3.
4-245

% excess air = T77~>< 100 = 54%. (Answer.)

EXAMPLE 2.6

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

N, from theoretical air = 6-1 m3.

N, from coal = 0-0] m3.
SO, = 0-005 m3.
CO, = ]-4 m3.
Excess air = g m3.
o o 021 a
702 =8 = e 50110005+ T4+a <0
a = 464 m3.
. 464
% excess air = WXIOO =60%. (Answer.)
ExXAMPLE 2.7

Where the complete flue gas analysis is known, it is possible
to use the nitrogen and oxygen values to arrive at 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): Og, 4-2; CO,, 15-0; and N, 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® of flue gas the total excess air

79

= 4-2+15-8 m3.

The nitrogen associated with the excess air = 15-8 m?.
Therefore nitrogen from air burned = 80-8§ —15-8 = 65-0 m®.
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Therefore excess air percentage

volume excess air 0-79 X excess air
= “theoretical air 100 = 0-79 X theoretical air 100
= EXIOO = 24-3%. (Answer.)
= 650 T e AT

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 burnt 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. Formation
of carbon monoxide results in a Joss of heating value equiva-

26

% €O,

5 i ) 1 s 1 [l ] ) L 1 .
9

%0,
F1G. 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, 50; N, 1-5; S, 0-8; O,
3-4% by weight, and as-fired containing 8-0%, ash and 7-09,
moisture. The coal on combustion gives rise to a gas of the fol-
lowing volumetric composition (dry basis): Os, 6-3; CO,, 11-1;
CO, 2:0; N, 80-6%,.

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

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

CO, = 111420 (from CO) = 13-1 m3,

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

N2 = 80-6 m3.

7% 02 = 33 100 = 54%.
80-6+5-3+ 131

% COp = 31 100 = 1329

From 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: COs,
12:0; CO, 1-0; Ny, 80-5; Os, 6:5%,.

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

893 _ 08

C = - = 7-4 kg-atom; S = 35 = 0-025 kg-atom;
3.4 50

02 = ~—37 = 0-106 kg-mol, Hz = T = 2-5 kg-mOI,
1-5

Ny = a8 = 0-05 kg-mol.

The combustion equations are:
C+03=C0,; 2Hy+0; =2H,0; S+0, = SOs,.
The oxygen requirement = 7-4+0-025+ 1-25 —0-106

= 857 kg-mol.
Air requirement = §j12>—1<—1—()9 = 40-81 kg-mol.

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

_32:24X(100-7-8)

= 100 = 27-4 kg-mol.
Carbon in as-fired coal = 7-4X0-85 = 63 kg-mol.
Rewriting the flue gas analysis, from 100 m® gas:

CO, = 12:0

CO = 10

O, to burn CO = 0-5

Excess air = 28-56 (remaining 02+%x02)
N, = 5794 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 6:3—X
kg-mol (6-3 kg-mol is the theoretical C value in the as-fired
coal). This quantity of oxygen is associated with 27-4 —3-76
kg-mol of nitrogen and the carbon in the gases is 6:3 —X kg-
atom (3:76 = 79/21). From the reconstituted analysis 13-0 kg-
atom of carbon are associated with 57-94 kg-mol of nitrogen
from the air actually burned.

63-X _ 274-376X
130~ 5794

Therefore

kg-atom carbon burned
kg-atom carbon in gas

nitrogen associated with carbon burned
nitrogen from air burned

Therefore X = 1-0 kg-atom/100 kg as-fired coal.

1-0x12

Loss per kg coal = 00

= 0-12kg. (Answer.)

Now that 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 (Elf_bor;l_’
total flue gas
_(6:3-1-0)
~ total

% C in flue gas = X 100

13-0 X 100.

Total flue gas = 41-8 kg-mol/100 kg coal as-fired.

Ny in flue gas = Lgli)%—oé = 3365 kg-mol,
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i.e. total flue gas x % N, in flue gas.
N. from excess air = 33-65-27-40 = 6-15 kg-mol.

6-15

= 27-38 (less nitrogen in fuel) <100

o .
% excess air

=22-4%. (Answer.)

2.7. LOSS OF HEAT IN FLUE GASES

It is normally required to estimate the loss of sensible heat,
although 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, 90-0;
H, 59; S, 04; N, 1-0; O, 2-7%. Assume that it is burned with
209 excess air and that 0-5 Ib 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 at 560°F.

The first step involves the calculation of the total quantity of
combustion products obtained from ! Ib 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 at
NTP. 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 1b of
tar is calculated.

C = _9.9_ = 7-5 1b-atom; H, = —5—2 = 2-95 Ib-mol;
12 2
27 4

02 - Y - 0084 lb'mol, S = —3‘5“ — 0'012 lb'm()l:
1-0

N2 = 3@“ = 0035 lb'mol-

The relevant combustion reactions are:

C+02:C02, 2H2+Oz = 2H20, S’|‘02: SOz
Oxygen for combustion = 7-5+1-4754-0-012 ~0-084

= 8903 1b-mol.
Theoretical air = 8'903X21100X35 ® . 15.220 £t at NTP.

Volume/lb tar = 1522 ft>* NTP.

The products of combustion from 1 1b of tar are:
N, from theoretical air = 152:2X0-79 = 120-34 fi3.

Since excess air = 209,

152-:2xX20x 21 _ ‘ .

Oz = —760% 100 = 64 2

N, from excess air = 240 ft3.

0035359 e

N, from tar = 00 = 013t
0-012x 359

_ — . 3

SO, = 100 0-04 fi3.

Water vapour from combustion of H,

_ 2:95%359

- 10- 3
100 = 10-59 ft2.
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Since 0-5 Ib steam is used per pound oil, then volume of
steam from this source

05X359 _ 499 f1s
18
_ 15 x 359 g 3
CO, = 5 = 26-93 ft3.

The combustion products consist of:
Ny = 120-244-24-04+-0-13 = 144-27 ft3.
O, = 64 f3
CO2+8S0; = 26-93+004 = 26-97 ftd.
H:O vapour = 10-59+9-99 = 20-58 {13,
Sensible heat loss = volume X MC, X AT.

The mean specific heats between 32°F and 560°F are obtained
from tables (Spiers) and are:

N, = 0-02 Btu/ft3 °F at NTP.

CO» = 0-0288 Btu/ft3 °F at NTP.

Os 0-0104 Btu/ft® °F at NTP.

HoO = 0-0231 Btu/ft3 °F at NTP.

Thus sensible heat loss

= 144-27X0-02X (560 —32)+ 6-4 X 0-104 X (560 —32)
+26-97 X 0-028 X (560 —32)+20-58 X 0-0231
X (560 —32)

= 15244 68-93-+ 398-74-250 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 1b tar are found
in the following way:

I

O, required for combustion = 0-089 1b-mol
= 0-089 X 32 lb-wt.
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Air requirement = 0-089% 321 X2332>< 100 = 12:39 Ib-wt.
N, from theoretical air = 12-:39X0-77 = 9-54 1b.
N, from fuel = 0032 %28 = 001 Ib,
100
Since excess air = 209,
N, from excess air = 12:39X0-20x0-77 = 1-909 1b.
O, content = 0-57 Ib.
Steam for atomizing = 05 1b.
Steam from combustion Hs = 0:295x 18 = 0-531 1b.
SO, = 0-00012x 64 = 0-0008 1b.
CO, = 0:075%44 = 33 1b.
The combustion products consist of:
Ny = 9-5440-01+1-909 = 11-459 Ib.
O, = 0-57 1b.
H,0 = 0-540-531 = 1-031 1b.

CO3+S0O; = 3:34+0-0008 = 3-3008 Ib.

Sensible heat loss = mass X MC,X AT.
The mean specific heats between 32°F and 560°F are obtained
from tables (Spiers), and are:

03 = 023 Btu/lb °F. H30 = 0-462 Btu/Ib °F.

Np = 0252 Btu/lb °F.  CO, = 0-236 Btu/Ib °F.
Total sensible heat loss

= 1146 X 0-251 X (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+4 251+ 399
= 2243 Btu/lb fuel burned. (Answer.)

I

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:

Ns = 1524 Btu
CO, = 400 Btu
O, = 69 Btu

1993 Buw

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 NTP .
— . 2 .
147X total volume of flue gases at NTP Ib/in® abs

1 atm pressure is 14-7 Ib/in? abs.

20-58

Hence partial pressure = 14-7X o83 = 1-52 Ib/in? abs.

The total heat of superheated steam at 1-52 1b/in? 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 Ib/Ib tar burned.

Hence heat loss = 1-03X 1228 = 1369 Btu. ( Answer.)

An alternative solution is as follows:

If it is assumed that the mean specific heat of steam is 0-475
Btu/Ib °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:

= 103X 970-1+1-03 X 0-475 X (560 —32)+ 1 X (212 —32)
X1-03 = 997-07+171-8+ 1854
= 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/Ib, 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. ADDITIONAL WORKED COMBUSTION
CALCULATIONS

ExAMPLE 2.11

The percentage volumetric analysis of a producer gas is as
follows: Hs, 15; CO, 22; COs, 8; Ng, 51 %. If 209 excess air 1s
supplied and complete combustion attained, find the percent-
age composition of the products of combustion.

The appropriate combustion equations are:

2H2‘|-02 = 2H20, 2CO+02 = 2C02,

(a) Calculation of theoretical air for combustion of 100 m? gas
at NTP.

Ostoburn Hy = 7:5m3
Oz to burn CO = 11-0 m?
O, to burn CHy = 80 m?®

26:5 m®

Since oxygen = 219% by volume of air, then theoretical air
required

_265X100 _ 5en s
21
. 120
Actual air used = 126:2X —— = 151-4 m3.

100
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(b) Composition of products of combustion:

Ny from original fuel

N, from theoretical air = 126-2X0-79
N, from excess air = 126-2X0-20X0-79

Total N,

O, from excess air = 126-2X0-20x0-21

COs in fuel
CO, from combustion of CO

CO, from combustion of CH,

Total COZ
H,O from combustion of H,

H,0 from combustion of CH,

Total H,O

Total volume combustion products

Analysis of products of combustion:

Ny, = 020 130,
0, = §'_323_>;§9 - 22%.
o, = 20 < 146
H.0 = 22X1%0 ~ 100,

EXAMPLE 2.12

( Answer.)

Blast furnace gas having the analysis by volume, dry, of CO,,
12:5; CO, 25-4; H,, 3-5; N,, 58-6 % is burned in a furnace. Cal-
culate (a) the percentage excess air when the dry products of
combustion contain 3-2% O,, (b) the percentage excess air
when the dry flue gas contains 19-7% COg, 4:6% O, and

75'7% Nz.
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Calculation of the theoretical air for combustion of 100 m?®
of gas at NTP.

The relevant combustion equations are:

2H5+05 = 2H,0; 2CO0+4+0,5 = 2CO,.

Oy toburn Hy = 175 m3
O3 to burn CO = 127 m3

14-45 md
Stoichiometric air requirement
- i‘*gif& ~ 69 m?® at NTP.

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

The dry products of combustion contain:

N, from fuel = 58:6 ms.
N, from theoretical air = 69 X0:79 = 54:45 m3.
CO; in fuel = 12-5 m?.
COy from combustion of CO = 254 md.
Excess air =g md.
o — 2.~ _ Volume 027
Hence A 02 =32= m X 100.
3-2a+3-2X 15095 = 2la.
_32x150-95 _ . .
=775 = 27-14 m3.
. 27-14
Therefore  excess air = 690 < 100 = 399%. (Answer.)

(b) When analysis of flue gas is Oz, 4-6; COg, 19-7; Ny, 75:7%.

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

D:CIFT §
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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.)

volume CO,,

% COz =197 = total volume 100
379
= a¥15095 <190

19-7a+19-7X150-95 = 3790.

3790 —(19-7X 150-95)
4= 197

= 41-41 m3 at NTP.

Alternatively,
o _ 02la 4
4-5a+4-5X150-95 = 21a.
= 46>§£Q95 = 41-4 m3 at NTP.
16-5
41-4

% excess air = ——X 100 = 609%,. (Answer.)

69-0

ExampLE 2.13

Calculate (a) the volume of air at NTP 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; 0, 8; S, 2; ash and moisture 109, by weight.

(a) Theoretical volume of air at NTP.
The appropriate combustion equations are:

C+02 = COz, 2H2+02 = 2H20, S+02 = SOZ
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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 = Z_; = 6-25 kg-atom; Hp = %Q = 2'5 kg-mol;
8 2:0
0, = 5 = 0-25 kg-mol; S = 35 = 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® at NTP.

Air required = 7-31X22-4X 100

— 3
o 773 m3,

Air required to burn 1 kg of coal completely
= 7-73 m® at NTP. (Answer (a).)
(b) Theoretical air requirement (mass).

Oxygen requirement = 7-31 kg-mol = 7-31X32 kg-wt.
7-31X32x100

Therefore weight of air = g T = 1017 kg.

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

ExaMrLE 2.14
A coal containing 79-9% C, 5-:0% H, 4-3% O, 1-1% S, and
1-99 N is used as fuel in a brick kiln.

(a) Calculate the theoretical volume of air at NTP 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% CO., 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.
[HNC Metallurgy, Swansea College of Technology.]

The relevant combustion equations are:
C+02 = CO2; S+02=S80,, 2H:+0;=2H;0.
100 kg of coal will contain:

7199 4-3

C = 17 = 6:658 kg-atom; Oy = EoN 0-134 kg-mol;
s =21 _oosakgmo; Ny =12 = 007 kg-mol;

=73 = g-mol; 2= 5 = g-mol;
H; = 229 = 2-5 kg-mol.

Oxygen to be supplied = 6:658+40-034+1-25—0-134 =
7-808 kg-mol.
7-81X22:4 X100
21 X100
=8:35m? at NTP/kg coal. (Answer (a).)
The composition of the dry flue gas from combustion of 1 kg
of coal will be:

Air requirement =

007x224

_ - — 0- 3
Nz from coal = 100 = 0016 m3.
N, from theoretical air = 8:35x0:79 = 6-6 m3.
682 .
COs (S added to C) = O882X224 15 s
100
Excess air = g md.
Method A
9% COg, Zero excess air = ”8% X100 = 185 %.
1-5

With 20Y, excess air X100 = 15-36%;.

T 8116 +1-67



COMBUSTION CALCULATIONS 53
1-5

With 409 excess air = g.-l—fmmx 100 = 132 %.
With 60%, ir =0 100 = 11-45Y
1 o €XCESS air = 8—.—1'-16—4_—5*:@ = o°
With 809 ir = -—i5—~><100 = 10-15%
1 G excess air = goecg = ‘.
With 1009 excess air = i—x 100 = 9-11%
° 8-116+8-35 o

From a graph constructed using these values, when carbon
dioxide content = 11-09

excess air = 66%,. (Answer (b).)

Method B

o _ volume COq

7 CO: " total volume dry gases

1-5
a = 5-51 m3.
. 551

% excess air = ﬁs—x 100 = 66%. (Answer (b).)

Method C

Assuming that all of the carbon in the coal enters the gasa
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

100X 6-682x22-4
100x11-0

Excess air = 13-61 —8-116 = 5-494 m3.
% excess air = 66%. (Answer (b).)

= 13-61 m3 at NTP.
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ExAMPLE 2.15

A fuel oil containing 84% 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 at NTP 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 kJ/m3 °C at NTP.

[HNC Metallurgy, Swansea College of Technology.]

Taking a unit weight of 100 kg of fuel the following is the
composition in kg-mol:
84 12:0

C = = 7-0 kg-atom; H, = 5= 6-0 kg-mol;

S = 2—5 = 0-078 kg-atom; O, = 1§2§

) = 0-047 kg-mol.

The combustion equations are:
C+0z = COz; 2H2+0; = 2H,0; S+0O;z = SOs.

Oxygen requirement = 7-04+3-0+0-078 —0-047 = 10-031 kg-
mol.

Air requirement = 10031 X2212'4X 100 = 1073-3m3at NTP.

Air/kg fuel = 10-73 m® at NTP.  (Answer (i).)

The waste gas from combustion of 1 kg oil:

N, from theoretical air = 10-73 X079 = &48m3
CO, = 70 Xx0224 = 1-57m3
SO, = 0078x0:224 = 0-02m3
H,O = 60 X%X0224 = 1-34m3
Excess air = 1073 X005 = 536m3

16-77m3
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Sensible heat loss = 16-77X1-476 X (535—15) = 12,860 kJ.
Net CV = 42,000 — (2454 X wt. water in kg),
Weight of water = 0-06X 18 = 1-08 kg (kg-mol X mol. wt.).
Net CV = 42,000 —(2454X 1-08) = 39,350 kJ/kg.

12,860

% required = Vééﬁx 100 = 339%,.  (Answer (ii).)

ExaMmpLE 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 COs, 14:5%; Oq, 4-7%,: remainder Ns.

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

(i1) 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 kJ/m3 °C at NTP.

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 = 5-66 kg-atom; Hjy = 5 = 2-2 kg-mol;
0-8 1-6
S = i 0-025 kg-atom; N, = 2% = 0-058 kg-mol;
0O, = 2«9 = 0-25 kg-mol.

32
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The combustion equations are:
C+0s3=C0Os; 2H2:+05 =2H:20; S+0s = SO,.

Oxygen requirement = 5-66+ 1-140-025-0-25 = 6-535 kg-
mol.

Air requirement = §-5-3§>§12()10X22L1—1 = 700 m? at NTP.

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

Ns from theoretical air = 70 X079 = 5-53 m3.

N from coal = 0-058% 0224 = 0-013 m?.
COq = 566 X0:224 = 127 md.
SOs = 0:025%0-224 = 0-006 m?.
Excess air = g m?®,

volume COz_
total volume
127
" 6:819+a
14-:5X6:819+ 14-5Xa = 1-27X100.
127 —(6-82X 14-5)

= = 1- 3
a 43 1-96 m® at NTP.

76 COz2 = 145 = X 100

x 100

Actual air used per kilogram coal = 7-0+1-96 = §8-96 m3 at
NTP. (Answer (i).)

The sensible heat loss per kilogram of coal
= volume of dry products of combustion X MC,X AT
= (1-964+6-819) X 1-341 X (545 —15)
= 878X 1-341 X530 = 6240 kJ.

Net CV = gross CV — (2454 X wt. water).

Weight of water = llzTg = 0-129 kg as moisture in coal.
Water from combustion of H, = 2—21;501—8_ = 0-2958 kg.

Total water = 0-525 kg.
Net CV = 28,000 — (2454 X 0-525) = 26,712 kJ /kg.
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Sensible heat loss as percentage of net calorific value of fuel

= %QZ—X 100 = 23-3%.  (Answer (ii).)

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
= 0-525X (545 —100)< 1-9240-525 < 2454
= 347-7+1288:3 = 1636 k. (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 1b of steam per gallon of oil. It is burned
completely with air in a furnace plant giving exhaust gases at 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 Oz, Na, HoO, SOz, and CO,, (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 ft3
at 60°F and 30 in.Hg.

[City and Guilds Advanced, Metallurgy, Section J, Fuels.]

The Ib-mol composition of 100 1b of fuel oil is as follows:

€= §f2j — 712 Ib-atom;  Hs = 112 = 56 Ib-mol;
34
S = el 0-106 Ib-atom.

The combustion equations are:
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Oxygen requirement = 7-1242-8-+0-106 = 10-026 1b-mol.

Air requirement = 10'026X23179><100 = 18,090 ft3.

Air/lb oil = 180-9 ft3 at STP.
The products of combustion from 1 1b oil are:
N, from theoretical air = 180-9x0-79 = 143 ft3.

COq =712 X379 =27-0 ft3.
SO, =0-106%X379 = 04 ft3.
Moisture from H, =56 X379 = 2122 ft3.

Moisture from atomizing steam = 3 lb/gal oil.
1 gal = 10 Ib (water) therefore 1 gal oil = 10X 0-95 Ib.

Steam/1b oil = i Ib-wt.
9-5

Moisture from atomizing steam

3
()

— _ e — 6 3
= T3 6-648 ft5.

Excess air = aft3.

_ 27-0
27-0+ 1430+ 0-4+21-2+ 665+ a
10-5X198-25+ 10-5X a = 2700.
g 2700 —(198-25<10-5)
105
a = 58-85 ft® at STP.
Final composition, including excess air:

% COy = 10-5 X 100.

= 257-1—-198-25.

N, = 143-0+58-85X0-79 = 189-5 ft3
CO. = 270ff
SO, = 04f
H-0 = 279
0. = 124113

257-2 fi®
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0, = 2152742 X100 = 4-8%
Ny = éi? ; X100 = 737%
H.0 = 2257792 %100 = 10-8%
SO, = 2(5)742 X100 = 02%
CO, = 2257702 X100 = 10-5%

100-0%, (Answer (i).)
Sensible heat lost in products of combustion
= 2572 0:02X(842 —60) = 4022 Btu.

4022
As t f CV=—"_ x100 =22%.
a percentage of gross 18250 X %

(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; H2O, 5-0%, by weight. The
gross CV is 13,000 Btu/Ib. The volatile matter is 309, on the
dry, ash-free fuel, and the BS swelling number is 8.

(b) A fuel oil having a viscosity of 950 sec Redwood No. 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/Ib °F and for (b) 0-258 Btu/Ib °F.
The latent heat of condensing steam in the gases is 1055
Btu/lb. Composition of air may be taken as O»/N, = 23/77 by
weight. [Institution of Metallurgists, Old Regulations, Fuels.]

(a) Taking 100 Ib of coal and converting to 1b-mol:

C= 715—29 = 6-32 |b-atom; Hy = ﬂ% = 2:125 1b-mol;
1-27 0-68
N, = 38 = 0-045 1b-mol; S = 3 =0-021 Ib-atom;
2-89
Oy = 5 = 0-090 1b-mol.

The combustion equations are:

Oxygen requirement
= 6324+ 0-021+ 10625 —-0-09 = 7-314 1b-mol
= 7-314 X 32 1b-wt.
. _ 7314x32x100
Air/lb fuel = CTABYT00 T 10-17 1b.

The products of combustion from 1 Ib of fuel are:

CO, = 6-32X0-44 = 2781b
SO2 = 0-021 X0-64 = 0-0131b
N3 in fuel = 0-045x0-28 = 0:01271b
N2 from theoretical air = 10-17x0-77 = 7831b
H:0O as moisture = 0-051b

H,O from combustion of Hy = 2-125x0-18 = 0-381b
11-071b

Total products of combustion
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Alternatively:
The weight of products of combustion
= weight of coal —ash+ weight of air used
= 1-0-0-104+10-17 = 11-07 1b.
Net CV = gross CV —(1055X weight water)
= 13,300 — (1055 %X (0-05+0-38))
= 13,300 —453-65 = 12,846 Btu/lb.

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

= 11-07x0-253% (1020 —60) = 2687 Btu.

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

_ (12,846 -2687), 0 _ 76.4,.

13,300
(b) If 100 Ib of oil is converted to 1b-mol:
85- 11-2
C = T2 = 7-1 1b-atom; H;, = —5 = 5-6 1b-mol;
S = 575 = 0-11 Ib-atom.

Oxygen requirement = 7-142:8+0-11 = 10-01 Ib-mol
= 10-01 32 1b-wt.
10-01X 32X 100

N - d oi] = 10:01X32X100 _ 1544,
ir required per pound oi 23100

Weight of combustion products = weight oil+weight air
used = 1-0+13-9 = 14-9 1b.
Heat lost = 14:9%0-258 (1020 —60) = 3691 Btu.
Net CV = gross CV —(1055X(0-056 X 18))
= 18,230 —(1055x1-008) = 18,230 —1063-4
= 17,166 Btu/lb.
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The percentage of the gross potential heat available in the
. (17,166 —3691)
bust hamber = ——— " "X 100 = 73-8Y,.
combustion chamber 18230 %
Therefore it can be concluded that the coal fuel is more

efficient. (Answer.)

ExamrLE 2.19

In a petroleum refinery the steam boiler plant has an overall
thermal efficiency on gross calorific value of the fuel of 859
and an output of 200,000 1b of steam per hour. The steam is
generated at a pressure of 250 lb/in? g, and superheated to
450°F from feed at 120°F.

Refinery gas of the following volumetric composition is used
to fire the plant: N,, 9; H,, 21; CO, 1; CO, 1; H,S, 2; CH,,
15; C,Hy, 15%,; hydrocarbons as C,H,, 36%,.

From the information given below, (i) calculate the quantity
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 209 excess air. Calorific value at NTP, gross Btu/ft3: CO,
340; CH,, 1000; H,, 340; C,H,, 1930; H,S, 703; C,H,, 2300.

[City and Guilds Advanced, Liquid Fuels.]

The combustion equations are:

CH;+20; = CO2+2H50; 2CHg+702 = 4COs+6H,0;
2H,+0; = 2H,0; 2C3Hs+903 = 6 CO2+6 H,0.

The calorific value of a cubic foot of gas at NTP:

13X 340
CO = —To0 3-4 Btu
H, =21x3-40 = 71-4 Btu

CH, = 15X10-0 = 150-0 Btu
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CoHg = 15 19-3 = 289-5 Btu
CsHg = 36X23-0 = 828:0 Btu
H,S = 2x 7-03 = 141 Btu

CV = 13564 Btu

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

1 1b steam at 260 Ib/in? g and superheated to 450°F = 1230
Btu heat in steam per hour = 1230< 200,000 Btu.

Heat in feedwater = 200,000X (120 — 32) Btu.

Therefore heat to be supplied by fuel for steam raising

= 200,000 x (1230 — 88) = 200,000 X 1142 Btu.
Heat gained by steam = heat evolved by burning gas.
Heat evolved by gas X--IZ—Z =200,000X 1142.

200,000 1142100
85

Btu.

Heat evolved by gas =

Heat evolved = 268,700,000 Btu.
CV gas = 1356-4 Btu/ft3.

268,700,000

= 198,100 ft3
1356-4

Therefore volume gas required =

at NTP. (Answer (i).)
Volume per minute = 3302 ft3.

(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 ft* gas at NTP

= 2:04-0-54-10-54-30-04-52:54-163-0 = 258-5 ft3.
258-5X100
21

Theoretical air requirement = = 1231 ft3.
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Products of combustion with 20%, excess air from 100 ft3
gas:

N, from gas = 9.0 ft3
N, from theoretical air = 1231 xX0-79 = 972-5t3
Excess air = 1231X0-20 = 247-8 3
CO; from gas = 1-0 ft3
CO, from combustion of CO = 1-0 ft3
CO, from combustion of CH, = 150f¢
CO, from combustion of C,H; = 300 ft
CO, from combustion of C,H; = 108-0 ft3
SO, from combustion of H,S = 20f
H,O from combustion of H, = 210f
H,O from combustion of CH, = 300ft
H,O from combustion of H,S = 20f
H,0 from combustion of C,H; = 450ft3
H,O from combustion of C,H; = 108-0 f3

Total gas volume = 1592-3 ft?

The volume of gas burned per hour = 198,100 ft* at NTP.
Therefore the capacity of the induced draught fan at NTP

198,100 1592-3 -
= 60100 = 52,550 ft3/min.

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:

vi v,
T, T:
52,550 | 4

460+32 ~ 4601400

_52,550% 860

_ s ..
V = 293 = 87,000 ft3/min.  (Answer (ii).)
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ExAMmPLE 2.20

A coal-tar fuel containing 89-99% C, 6:0% H, 0:4% S, 1-1%,
N, and 2:6%, O, of gross CV 37,750 kJ/kg, and SG 1-15 is
burned with air as the atomizing agent.

Sketch and describe a burner suitable for burning the oil at
a rate of 50 kg/hr. Indicate briefly the essential provisions for
supplying the oil to the burner in a condition suitable for atom-
ization. Assuming that 159 excess air is used, and the com-
bustion is complete, calculate:

(a) the volume of air at NTP supplied per hour;

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

[Institution of Metallurgists, Part IV, AIM, New Regula-

tions, specimen question.]

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

899 60

C= 13 = 7-5 kg-atom; Hs = 5 = 3-0 kg-mol;
0-4 2:6
S = 3y = 0-012 kg-atom; O, = E i 0-08 kg-mol.

The combustion equations are:
C+0;y = COy; S+0, = SOg; 2H.+ 03 = 2 Hy0.
Oxygen requirement="7-5+1-5+0-012 —0-08 = 8-93 kg-mol.

8:9322:4<100
21x100

Theoretical air = = 9-56 m® at NTP/kg tar.

Air = (9.56+M)

100

= 550 m® NTP. (Answer (a).)

D : CIFT 6
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The products of combustion from 1 kg tar
= (7-54+3-:0+0-012)X0-22449-56 X 0-79
+9:56X0:15 = 11-34 m®.

Volume in 1 hr = 11-:34X 50 = 567 m? at NTP.
At 500°C:
567 V

273 773
Volume required = 1605 m*. (Answer (b).)
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CHAPTER 3
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.

ExaMmPLE 3.1

A coal is used to manufacture producer gas. Its analysis on
the dry basis is: C, 78:0; H, 5-4; N, 14; S, 1-0; O, 10-0; ash,
429 by weight. The coal as charged to the producer plant has
a moisture content of 5%,. The blast saturation temperature is
50°C. Analysis of the dry gas: CO., 4-40; CO, 28-10; H,, 15-45;
CH,, 3-00; N,, 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 kJ/m? °C NTP.

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 quantity of any tar pro-
duced, so that a carbon balance may be applied. It is also neces-
sary to know the amount of ammonia liquor produced so that
a hydrogen balance can be carried out in order to arrive at the
percentage of steam decomposed. For the sake of this particu-
lar calculation it is assumed that 109 of the carbon charged

6* 67
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to the producer appears as tar fog and carbonaceous matter
in ashes and that 40% of the nitrogen charged appears as
ammonia.

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

78-0X95 . o
C = xi00 = 6-18 kg-atom (moisture 5%).

Thus the carbon appearing in the gas

_ _6_1%%92 = 5-56 kg-atom  (109; lost).

If 100 kg-mol of producer gas is analysed:
Carbon content = 4-4+28-10+3-0 = 35-5 kg-atom.

For the producer gas, % C = M X 100.

total gas
B 5-56
" total gas volume kg-mol

355 X 100.

Gas volume = 15-6 kg-mol.

Gas made per kilogram of coal charged to the producer

- LS_'EI%?}_“ — 349 m® at NTP. (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:

N, appearing in gas = —1%)2 = 7-66 kg-mol.
1-4X95X 60
N2 from fuel - m —_ 0 03 kg‘mol.

(409, nitrogen is lost in ammonia liquor.)
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Hence N, supplied as air = 7-66 —0-03 = 7-63 kg-mol.
7-63 X 100224

Air required = =5 = 216-2m?3 at NTP.

Air/kg coal charged = 2-16 m3 at NTP. (Answer (b).)

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

From the gas laws, PV = RT, where R is the universal gas
constant for 1 mol, and PV = nRT applies to n mol of an ideal
gas. For mixtures, PV = (n1+ns+ns+ .. .)RT.

The partial pressure of each gas is given by

PlV = anT and PzV == anT,

hence
P_m
P2 - Ho )

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

. 92-5
mol of dry air = -6—6—54» = 0-133 kg-mol.

The nitrogen required for gasification purposes was shown to

be 7-:63 kg-mol, therefore the air required
_ 7:63X100

Ty = 9-65 kg-mol.

Thus the total steam consumption per kilogram of coal

 0-133X9-65x18
100

=022kg (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.

(mol. wt. water = 18)
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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).

. . 54 95
H; supplied to producer in coal = TXm
= 2-57 kg-mol.
. . 5-0
H; supplied as moisture =45 = 0-28 kg-mol.
H, in steam in blast = 0:133x9:65 = 1-28 kg-mol.
Total = 2-57+40-28+1-28 = 4-13 kg-mol.

H. appearing in the gas as combustibles
= 15459 as H, and 6-0% as CH, (2 Hy)
= 21-45 kg-mol/100 kg-mol gas.

Actual Hs in gas as combustibles = total X percentage

15-6x21-45
= o0~ = 3-34 kg-mol.
H, converted to NH3 == 14X95X40X3-0 = 0-06 kg-mol.

28X 100X 100
(1 N goes to 2 NHj3, i.e. 1 Ng combines with 3 H,.)
H, leaving as steam = 4:13 —(0-06+3-34) = 0-73 kg-mol.
95X 10-0%2
10032
= 0-62 kg-mol.

Steam equivalent of oxygen in coal =
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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, although 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 hot gases and potential heat which is realized when the
gas is burned.

Taking the heat content per kilogram of coal gasified:

Potential heat as CO = 3-49Xx12-7X0-281 = 1246 kJ
Potential heat as Hy, = 349X 12-8X0-1545 = 7-0 kJ
Potential heat as CH, = 3-49X39-7X0-03 = 4-16 kJ
Sensible heat in the dry gases above 15°C
= 3:49X1-:341 X 190 = 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
0-73+156

The total heat in the steam at 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 073X 18X 1-93(205 —100)
= 100 + 100
= 322:54+27-26 = 34976 kJ.

Thus the total heat in producer gas obtained from gasifica-
tion 1 kg of coal = 350+ 889 = 1239 kJ. (Answer (d).)

Partial pressure = 147X = 0-7 Ib/in? abs.
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3.2. ADDITIONAL EXAMPLES
EXAMPLE 3.2

Light petroleum distillate is gasified at 20 atm pressure in the
UK Gas Councils Two-stage Autothermic Process. The table
given below indicates the analysis of the gas at various stages of
the operation. If the naphtha is assumed to be C,H;, 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).

@ 3) “@ (5)

(€))] After reaction After air ad- | After con- | After remo-
Volume with steam at dition and | version of | val of carbon
(VA 500°C reaction at carbon dioxide and

675°C monoxide drying
CO, 13-9 11-8 160 1-0
CO 1-3 6-0 1-8 29
H, 12-9 237 279 44-6
CH, 362 220 22-0 350
N, — 10-3 10-3 10-5
H.O 357 262 220 —

From the weight of carbon in kg-mol of C,H,; = 84 kg
and a calculation of the carbon and hydrogen contents of
100 kg-mol of gas, utilizing the analysis given in column 2
above.

mol. wt. kg kg carbon kg hydrogen
CO, = 12+32 =44%139 12139
CO = 12+16 = 28X 13 12X 1-3
CH, = 1244 = 16Xx362 12%36-3 4%362
H, =2 = 2x129 2%12-9
H,0 = 2+16 = 18x25-7 2% 357
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_ (166-8+15-64+434-4)

%C = 19046 X100
= 2.
W (184842584 714)
% Ha = 15046 X 100
1339
@ %C=%2=—" 0.

total mass gas

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

% Ha in gas = 13-3.

264-3xX13-3 3497k

00 &
H, from steam = 34.97—15 = 1997 kg.
19-97

99

Mass of Hj in gas =

H; from 1 kg naphtha = kg.

19-97X9
Steam used = —59 =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.

o . _ 10-3X28x100 o
Aszgas—T——— 15-6%.

Weight of N» from 1 kg naphtha = ~ 202126
eig (¢] 2 Irom g nap. a ——9-9—;(1—00— g

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

323x15-6x100

99100577~ 066 ke.

Mass of air required =

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

99 kg naphtha = ¥} = 7 kg-mol C.
C in gas = 1-0(COg)+2:9 (CO)+ 350 (CHy) = 38-9.
7

389 = total volume kg-mol < 100.
_ 7X100X22-4 3
Volume = W = 4-08 m at NTP/kg naphtha.
( Answer.)
ExAMPLE 3.3

A coke containing on the dry, ash-free basis 949, 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
composition: CO,, 5-2; CO, 25-1; Hy, 12-3; CHy, 04%;
remainder Ns.

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
NTP required to burn the producer gas obtained from gasifi-
cation of 1 kg of coke.

[HNC Metallurgy, Swansea College of Technology.]

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

determined.
94X 86
12X 100
% C in gas (in kg-mol) = 52 (COy)+25-1(CO)
+0-4 (CH,) = 30-7%,.

C charged = kg-mol.

307 = 6736 X 100.
total gas volume
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6-736 <100
Gas volume = —307 = 21-95 kg-mol.

Total gas = 21-95X22-4 m® per 100 kg coke.

21-95x22-4
(a) Gas made per kg of coke = ———— = 4-92m?at NTP.

100

( Answer.)

(b) 100 kg-mol of gas contain

100 —(5-24+25-1412-3+0-4) = 57-0 kg-mol No.

The number of kg-mol N, in the gas made from gasification
21-95% 57
100100
This nitrogen must have come from the air supplied, hence:

. 12:51xX100x22-4
Volume of air used = = 3-55 m® at NTP.

79100
( Answer.)

(c) Since 1 kg of coke gives 492 m3 gas, the gas composition
obtained by gasification of 1 kg of coke is:

of 1 kg of coke = = 12-51 kg-mol.

COq =5.—21>(<)—g~.?3 m3.
Cco =—2i11—>(;()4—92~= 1-235 mé®.
By = 23X s
CHo= P42 g0 e
N, = 57>1<0a:)-92 .

The combustion reactions are:
2CO0+05 = 2COy; 2H,+0,=2H,0;
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Volume of O, required per kilogram

1235 0-605
[“2”* > r~+(2><0-02)] = 0:96 m?.

0-96x 100

Air required = ST 4-6 m? at NTP. (Answer.)

ExAMPLE 3.4

From 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
) o)
C 76-0 Co, 7-0
o) 60 0, 0-7
H 50 CoO 203
N 15 H, 125
S 15 C,H, 05
Ash 100 CH, 30
N, 560

Clinker analysis, dry basis, C, 15-0%; ash 85-0%,.
[City and Guilds Advanced, Solid Fuels.]

From the analysis, the carbon content of 100 kg of dry coal

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

100 kg of coal when gasified gives rise to 10-0 kg ash; but
the clinker produced contains 15% C.

10 kg ash = E’l;.sl@ ~ 1176 kg clinker.
C lost per 100 kg coal charged:
15% = 175 100,

11-176
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1-76
Actual amount = 1-76 kg = = 0-146 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(CO2)+20-3(CO)+3-0(CH,)
+1-0(C:H,4) = 31-3 kg-atom.

o e ata 618
%C=313= gas volume kg-mol X 100.
6-18 X100
Gas volume = —————— = 19-74 kg-mol.
31-3
19-7422-4
Vol/kg dry coal = 00 = 4:42 m® at NTP.

( Answer.)

EXxAMPLE 3.5

A coal containing C, 76:0; H, 5:0; N, 1-6; S, 1-4; ash,
6-0; H,0, 509 is gasified in an air-steam blast. The rate of
gasification is 25 cwt/hr and the composition of the gas as
analysed is COs, 4-8; CO, 27-5; CHy, 2-2; Hs, 12-:5%; remain-
der Ns. 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 air-steam ratio in the blast and the most
efficient composition of the resulting gas.

[Institution of Metallurgists, Old Regulations, Fuels.]

The C content of 100 1b coal is calculated from the analysis.

C= % = 6-33 Ib-atom.

Clost = 0-633 1b-atom; therefore C gasified = 5-7 Ib-atom.
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The C content of 100 1b-mol gas calculated from the analy-

sis is:

C in gas in 1b-mol = 4-8 (COy)+27-5 (CO)+2-2 (CHy)
= 34:51b-mol = 9, C

57
345 = vol in 1b-mol X 100.

Volume of gas = 16-53 1b-mol.

16-53X 379X 112X 25
100

175,300 ft3 at STP.
o Ny in gas = 100—(27-5+4-8+3-2+12:5) = 52:0.
52:0x 175,300

Vol/hr =

I

Volume of Npingas = — 0 = 91,160 ft3 at STP.
N, from coal = 28 lb -mol/100 Ib coal.

16X 112X 25X 379
N, from 25 cwt = . 285100 -

= 6061 ft3 at STP.
N, supplied by air = 91,160 —606 = 90,554 ft3 at STP.

Air supplied = 20*527{9&100N = 114,625 ft3 at STP.

( Answer.)
H, supplied in 100 1b coal = § = 2-5 Ib-mol.
Amount gasified = 2-5—0-25 (10% loss) = 2-:25 1b-mol.
In 1 hr H, from coal substance entering gas

_ 2:25x112X25

100 = 62-99 1b-mol.
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From 100 b coal there will be & 1b-mol water.
0-277X112X25
100

= 7756 Ib-mol.

H; entering gas from fuel = 62:99+7-756
= 70-746 Ib-mol.

H, entering gas from water =

H, to be supplied via steam will be the H» in the gas
less this amount.
The H content of 100 Ib-mol gas is calculated from the

analysis.

H,; in 1b-mol = 12-5(Hgz)+4-4 (CHy) = 169.
% Ha = 169.
. 169X 16:53X112X25
Total Hs in gas = 1005100
= 78-16 1b-mol.

H, to be supplied by steam = 78-16 —70-75 = 7-41 Ib-mol.
H-O required = 7-41X18 = 133 Ib/hr.  (Answer.)

EXAMPLE 3.6

Coke gasified in a producer by means of an air-steam blast
provides a gas of analysis: COs, 4-8; CO, 27-3; H,, 14-0;
CHy, 0-49%;; remainder N,. The gas is burnt with 159 excess
air in a furnace which is equipped with a metallic recuperator,
the waste gases entering at 950°C.

Determine (i) the volume of the products of combustion
per ton of carbon gasified; (ii) the composition of the products
if 809 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 40%.

Mean volumetric specific heats, taken as 0-0215 Btu/°F ft*
at NTP for waste gas, 0-02 for air.

[City and Guilds Advanced, Fuel Plant Technology.]
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The C content of 100 1b-mol of gas from the analysis is:
C in Ib-mol = 4-8 (COy)+27-3(CO)+0-4 (CH,) = 32-5.
The volume of gas generated per ton of C gasified is obtained
by a carbon balance:

325 = %QX 100 volume gas in Ib-mol.

Gas volume = 575-4X359 = 206,200 ft3 at NTP.
The combustion equations are:
2CO+0; = 2CO0y; 2H; + O; = 2H,0;
CH,;+20; = CO5+2 H,0.

Oxygen required to burn 100 ft3 of gas at NTP
= 13-65+7-0+0-8 = 21-45 ft3.
21-45x% 100
21

The products of combustion when 100 ft3 of gas is burned
with 159, excess air are:

Theoretical air = = 102-14 ft3 at NTP.

Excess air = 15321t
N, from theoretical air = 80-69 ft*
Ng in gas = 535 ft3
CO:s in gas = 48 ft*
CO, from CO combustion = 273 ft3
CO, from CH4 combustion = 04 f
H>O from Hy combustion = 140 fi3
H>0 from CH4 combustion = 08 fi?

Total = 196-81 ft3

Therefore the volume produced when 206,200 ft3 of gas burnt

_ 206,200% 196-81
N 100

= 405,800 ft® at NTP. (A4nswer (i).)

If 809, 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 20% not recorded in the analysis.

Hs in Ib-mol = 14-:0+4-0-8 = 14-8 Ib-mol per 100 Ib-mol of
gas.

1009, = l4§8>(<)l)9 = 185 Ib-mol

(1 mol H, = 1 mol H»0).

Water undecomposed = 18-5—~14-8 = 3-7 Ib-mol.
100 Ib-mol gas give rise to:

HyO = 14-8+4-3-7 = 18-5 Ib-mol.

CO; = 4-8427-3+0-4 = 32-5 Ib-mol.

O, = 3-22 Ib-mol (from excess air).

N2 = 80-69+12-10 (excess air Na)+53-5

= 14629 Ib-mol.

Total = 200-51 1b-mol.
0, = }'7-22-(275%1]99 138%.
CO; = %g?% = 16:05%.
H,0 = }SZOSOLSIIOO = 10-059%. (Answer (ii).)

For every 100 ft® of dry producer gas there will be produced
196-8 ft* of products of combustion. Associated with this
there will be 3-7 ft® undecomposed steam.

Total = 196-81+43-7 = 200-51 ft3.
100 ft® producer gas requires 102-144-15-32 ft® air
= 117-46 ft* air at NTP.

950°C = 1742°F. (It is necessary to convert because MC,
units are in Btu/ft* °F units.)

D : CIFT 7
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Heat gained by the air = heat lost by waste gases.
Assuming a datum level of 32°F:

200-5% (1742 —32)x0-0215X 0-4 (heat lost by flue gases)
= 117-46 X (T —32)X 0-02
T —-32 = 1254°F.

Temperature preheated air leaving recuperator =T =
1286°F. (Answer (iii).)
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CHAPTER 4

Flame Temperature

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.

ExaMmpLE 4.1
A gas has the following volumetric composition: Og, 0-4;
COsg, 2:0; C3Hg, 2-6; CO, 7-4; Hy, 54-0; CH,, 28:0; Na, 5-6%.
Net CV = 17-163 MJ/m® at NTP. It 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.

MC, products of combustion:
2200°C, 1-678; 1800°C, 1:543; 2000°C, 1-610 kJ/m3 °C at NTP.

7* 83
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The combustion equations are:
2CH+70: = 4CO;+6H:0; 2CO+0; = 2COs;
CH4+203 = CO2+2H20; 2Hs+0s=2H-0.
Oxygen required for combustion of 100 m? of gas
= 914+37456:0+27-0-0-4 = 954 m?.

Air required = 25—&%5)0 = 454 m3.

The products of combustion with stoichiometric air:

N, = 454X 0-79 = 358-74+56 = 364-3 m?
CO, = 7-442-0+5-2+28:0 = 426 m?
Water vapour = 54-0+456-0+7-8 = 117-8 m3
Total 5247 m®
42-6 100 o
COz - "5274-7:7/ - 8 ]2 0°
117-8<100 o
HQO — ~W*4 —_— 22 45 A.
364-3X 100 o

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

N 17,163X 100
(Flame temperature —0) = 4TXMCT,

The mean specific heat varies with temperature so that it is
first necessary to assume a temperature and use the value of
MC, at 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 T = 2200°C

17,163x100 .
T=0 = SGuaxier — 2015¢
Assuming T = 1800°C
17,163X100 .
T = Sg7xisas — H0C
Assuming T = 2000°C
17,163 100 i

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, COs, a%; H20, b%; O2, ¢%; and N, 100 —(a+b+¢)%,
if x and y are the fractions of carbon dioxide and water vapour
that remain undissociated per molecule, then from 100 ft?
waste gas the new products of combustions will become:
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Gas Molecules
Co, ax
CcO a(l —x)
H,O by
H, b(1-y)
a b
0, 7(1—x)+—2*(1—y)+c:m~100+c
N, =100—a—b-c
Total =m

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

COq

CO

O:

H,0O

H,

For the reaction:

ax
1)(302 = Z <P,

PCO = ‘il-—_X) -P.
m
Po, = m—100+_c .P.
m
b
Puo="" .P.

Py, = lﬁfy) .P.
m

CO; = CO+40;

Pco,

K _ X qf(m /l
Poo, = PcoX Poy + T 1—x (m—100+c)] (P)
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For the reaction:
H, O = Hz-f-% O,

K _ Puo 0y m /L
PH0 PH2XP012/2 - 1—y m—100+c¢ l/ P

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

COz;+H; = H0+CO

must also attain equilibrium, and for the water-gas reaction
Pu,oXPco  Kpy,
Pceo, X Py, Kpgo,

Kyg =

Since all the equations contain two unknowns (x and y),
even though the equilibrium constants at a particular tempera-
ture can be obtained from consideration of the individual
systems the determination of x 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
Hs, 10-16 MJ/m?3.

Mean specific heats products of combustion: 2200°C, 1-:657;
2100°C, 1-651; 2000°C, 1-643; kJ/m* °C at NTP.

The theoretical flame temperature is calculated assuming
no dissociation.

2 H2+02 = 2 Hzo

From this equation it is evident that 2 m3® of hydrogen
requires 1 m® of oxygen for combustion. Therefore the air
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required
1100 5
= = 4-76 m3.

Air/m? hydrogen = 2-38 m®.

The final gas composition after combustion is 1-88 m? nitro-
gen, 1-0 m® water vapour. The composition of the flue gas

= 653% Na, 3479 H,O.

Theoretical flame temperature :

T _10-16X 1000
T 2:88XMC, -
Assuming T = 2200°C,
10-16 X 1000 o
T=0=Zgxresr — 212C
Assuming T = 2100°C,
10-16< 1000 .
T = RN 651 2136°C.

This is sufficiently close to the assumed value.

At this temperature steam is dissociated to the extent of
approximately 49 (Spiers). Thus the actual heat developed
will be less, and the products of combustion greater.

HZO == H2+';- Og.
Under these conditions the flame temperature will be:

T _ 10,.160>_§£26_ ‘

Assuming T = 2000°C,
_ 10,160 0-96
T 2:9%1-643

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.

T = 2050°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 109, of the heat is lost in this way.
The maximum flame temperature is achieved when using
slightly less than stoichiometric air.

4.3. ADDITIONAL Fi.AME TEMPERATURE EXAMPLES

ExaMPLE 4.3

Discuss the effects of dissociation on flame temperature.
A producer gas of composition: COs, 5; CO, 29; Hs, 12; N,
549, is burned with theoretical amount 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-
position ? Calculate the equilibrium constant for the water—gas
reaction. [City and Guilds Advanced, Gaseous Fuels.]

The combustion reactions are:

Oxygen required per 100 m? gas = 14-5+6:0 = 20-5 m3.

Air required = ziszéll(—)g = 97-5 m>.
The composition of the waste gas from burning 100 m3 gas
with no dissociation is:

N, from stoichiometric air = 77-5 m3
N, present in gas = 540m®
Total N, 131-:5 m3

COy = 504290 = 34-0 mé.
H,O = 12:0 md.
The dissociation reactions are:

2C02 = 2CO+O29
2H20 = 2H2+O2



90 CALCULATIONS IN FURNACE TECHNOLOGY

The composition of the gas after dissociation is:

N, = 1315 m?3.
COs = 34-0x0-82 = 27-88 m?3.
CO from CO, dissociation = 6-12 m3.
O, from dissociation = 3:06 md.
H,O = 12x0-05 = 11-40 m3.
O, from H,O dissociation =  0-30 m®.
H, from H,O dissociation =  0-60 m3.

The Total Gas Composition. ( Answer.)

|

{ Volume (m?) (A
N, 131-5 72-69
COo, 27-88 15-41
CcO 6-12 3-38
H,O 11-4 6-30
H, 0-6 0-33
0, 3-36 1-89

180-86

The water-gas reaction:
CO+H>0 = COs+ Ho.
Kp = Pco, X Py, _ 15-41<0-33
PcoX Py,o 3-38X6°30

= 0-24. (Answer.)

It would have been equally correct if the reciprocal of this
had been calculated, viz. 1/0-24 = 4-2.

ExamprLE 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 25%;
excess air;
(ii) blast furnace gas containing 28 %, CO, 2% Hs, 709, No,
with 209/ excess air;
(iii) coke oven gas containing 8% CO, 529, Hs, 309, CH,,
109, Na, with 209 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 combustion: 0-022 Btu/ft? °F at NTP.

Net CVs: C, 14,500 Btu/lb; H, 52,000 Btu/1b.

CO, 340 Btu/ft® at NTP; H,, 290 Btu/ft®> at NTP; CHy,,
1000 Btu/ft® at NTP.

[Institution of Metallurgists, Part IV, Furnace Technology,

specimen question.]

The carbon content of 100 Ib of fuel is calculated in 1b-mol.
c =82 731batom;  Hs = 2> = :25Ib-mol.
12 2
The combustion equations are:

C+02 = COz, 2H2+02 = 2H20

Oxygen requirement = 7-343-13 = 10-43 Ib-mol.

Theoretical air = 0+ X21100X359 — 17,840 ft3.

Air/lb fuel = 178-4 ft3 at NTP.

The volume of the products of combustion from 1 1b oil:

N; from theoretical air = 178:4X0:79 = 140-9 fi3
Excess air = 1784 X0-25 = 44613
CO, = 73 X359 = 27-3ft3
H,0O =  625%X3-59 = 22-4f‘f

235-2 ft?

The calorific value of the fuel is found from the analysis
Net CV = 0-875X 14,500+ 0-0125< 52,000
= 12,690+ 6500 = 19,190 Btu/Ib.
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This is equal to the heat in the flame gases.
19,190 = 235-2x0-022 X (T —32)

19,190
235-2X0-022

T = 4100°F.  (Answer (i).)

T-32= = 4078°F.

For the blast furnace gas the combustion equations are:
CHy4+205 = CO3+2H,0

The oxygen required for combustion of 100 ft3 blast furnace
gas
= 14+1 = 15-0 ft3.

Theoretical air = 1—5 >i199 = T71-4 ft3.

The volume of the products of combustion with 20%; excess
air:

N; from theoretical air = 71:4X0-79 = 56-3 fi®
Excess air = 71:4X0-20 = 14-3ft3
N: in fuel = 70-0 ft3
CO, = 280 ft3
H,O = 2:0ft3

170-6 ft*

The CV of blast furnace gas = 340X 284290X2 = 10,100
Btu.
CV/ft3 gas at NTP = 101 Btu.

This is equal to the heat in the flame gases.

101 = 170-6 X 0-022X (T —32).
___ 101
170-6 % 0-022
T = 2124°F.  (Answer (ii).)

T-32= = 2692°F.
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For combustion of 100 ft* of coke oven gas:
Oxygen requirement = 4426460 = 90 ft3.
_ 90X 100

Theoretical air =Ty = 428 ft3.
The products of combustion are:

Ny present in gas = 10ft

N, in theoretical air = 428X0-79 = 339-2 ft?

CO, = 8430 = 380 ft3

H>,O = 52460 = 112-0 ft3

Excess air = 428:0X0:20 = 856 ft3
584-8 ft3

The CV of coke oven gas = 8X 340452 %2904 30 1000
= 48,800 Btu.
CV/ft3 at NTP = 488-0 Btu.
488,000 = 584-8 X0-022 X (T"'—32)
T = 3833°F. (Answer (iii).)
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CHAPTER 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.

For resistances in series R = ri+rat+r3+ .. ..

For resistances in parallel 1/R = 1/r;+1/ra+1/rs3 .. ..

For all three modes of heat transfer a simple equation of the
following type is useful:

Q (rate of heat transfer) = hA AT,
94
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where 4 = area; AT the temperature difference; 2 the heat
transfer coefficient.

AT driving force
Thus, 0= 1/hA ~— thermal resistance

(I = E/R in electrical circuits).

5.2. HEAT TRANSFER BY RADIATION

When radiation falis upon a body then it can be (i) absorbed,

(ii) reflected, or (iii) transmitted.

Hence a+r+¢ =1 (a = fraction absorbed, r = fraction
reflected, and ¢ = fraction transmitted).

For most solid bodies, the amount transmitted can be regarded
as negligible, so ¢ = 0.

Hence, for opaque bodies, a4+ = 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
proportional to the fourth power of its absolute temperature
and this relationship is known as the Stefan-Boltzmann law.

Q proportional T%.
0 = oT%
o = Stefan-Boltzmann constant
= 1-713X10~? Btu/ft? hr R*
= 1-01 X108 1b cal/ft? hr K*
= 56697 X 10-% W/m? K4
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)

Radiation from a surface in a direction « to the surface
varies as the cosine of the angle § between the direction of
radiation and the normal to the surface. If ¢, is the radiation
normal to the surface the radiation in a given direction =

g,cos .
/(
9/‘ Qr

N

FiG. 5.1. Lambert’s radiation law

%

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 d 4, radiating in a hemisphere
of radius r. The radiation will be supposed to fall on areas
dA, and dA, on the surface of the hemisphere. Let I, be the
intensity of radiation per unit area per unit solid angle normal
to dA.
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I’]

T
F1G. 5.2. Spatial distribution of radiation

Solid angle subtended by whole hemisphere at

2nr?

dA = ——— = 2nsteradians.
7
Solid angle subtended by d4; = dw, = iil—.
%
Solid angle subtended by dds = dwg = Lfiz.
7

Rate of heat flow through d4, = dO,,
dQ, = I,dw, dA (per unit time).
Similarly,
rate of heat flow through d4, = dQ,,
dQys = Iy dwy dA (per unit time)
(I, = intensity radiation at an angle 0 to normal).
on = Ig dwg dA
= I, cos 0 dwgdA,

2ar sin G(ri@r

dwg = o
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Total radiation passing through the hemisphere in unit
time,
/2

[dQ =1,2ndA | sin 0 cos 0 df
0

/2

=1I,2zd4 |  sin 20 do,
0

0= I,ndA.

From the Stefan-Boltzmann radiation law

0 = oT*,
dAc Tt = Iw dA
1
and I, = E—];— .
14

Distribution of energy with wavelength (Fig. 5.3)

Let f = frequency of the radiation; 4 = wavelength; ¢ =
velocity of light.

For radiation in vacuo fA = ¢. This can be regarded for
practical purposes to hold in air and furnace atmospheres.

E, dx

A

F1G. 5.3. Distribution of radiant energy with wavelength
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The total energy radiated per unit time per unit area from
a black surface within waveband dA is given by:

dQ = E;, dA.

The spectral distribution is given by Planck’s law

-

a7
P exp (cofATY— 1
where c¢; = constant = 3-741 51071 W/m?; ¢s = con-
stant = 1-438 79X 1072 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.

J.E;, d) = oT%.
0

Wien’s law

Wien found that the wavelength 4,, at which the maximum
energy is radiated was inversely proportional to the absolute
temperature, and with wavelength in metres and temperature
degrees Kelvin.

K2, = 2-8978x 103,

Kirchheff’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 Q = function (4, 0, T).

The total hemispherical emissivity e is defined as the ratio
of the energy Q emitted by a surface to the total energy Q,
emitted by a black surface at the same temperature.

e = (Q/0)r.

Emissivity, e = f(4, 0, T).
sl
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Selective emitter

This is defined as a material whose emissivity varies with
either 4, 6, or T.

Kirchhoff’s law states:

The monochromatic emissivity of a surface 1 at T is
equal to its monochromatic absorptivity received from
surface 2 at the same temperature.

e=a and efa=1.

Grey body

A body whose monochromatic emissivity does not depend
upon 2, 6, or T is defined as a grey body. At any particular
temperature it always radiates the same proportion of energy
as a black body.

Interchange of radiation between two plane non-parallel
surfaces (Fig. 5.4)

Let dA» subtend solid angle dw; such that

y
dwlzf_z;‘f& at  dd;.

The intensity of radiation from dA, in the X direction =
I, =1, cos 0.
Therefore the incident radiation upon and absorbed by dA,,
Iy, cos Oy cos 02 dAy dAs

dQl-»Z - X2

dA1 subtends solid angle dws such that

_ dAicos b1

dCOQ = X? at dAg
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Therefore radiation incident upon dA; from dA.,
dQs .y = Iz dwg d A,

I,,:_, CcOS ()1 CcOs 02 dAl dA2
X2 o

. oT*
since I, = .
T

The interchange of energy dQ(A4,—As)
= dQl—-» Z_dQZ»I

o cos 01 cos 0y dA; dAs(T? —T%)
nX? ’

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 4; and A; in the above equation, together with
the appropriate values of 8; and 0,.

For two small areas, parallel and coaxial with each other,
cos 0; and cos 0, 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 2¢ (Fig. 5.5).

Consider a strip on the sphere at an angle 0;, subtended
by an angle df; at dA;.

The area of the strip

dA2 = 2nr sin 01(1" d01) = 2m7r? sin 01 d@l .
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The energy falling on this strip

o cos 01 cos 04272 sin 0; dO: T3
ar?

= 6 AT%2 sin 9; cos 6, doy

= ¢A4,T% sin 26, d0; .

dQ1—>2 -

The total radiant energy falling on the cap of the sphere

and therefore the disc
04
Q1.0 = _f 0 A,T% sin 20, db;
0
0a
=— crAlT%(-;— cos 61)
0
Where this approximation is not possible, then the equation
may be written in the form:

0, =T A cos Oy cos 0 dd

= O'T% dA1 dFl»g
F,_, o is called the geometric or configuration factor of the

surface 4» with respect to d4i, and is found by a single integra-
tion of dF; _, , over the area 4,.

F1»2 — J‘COS 61 COs 62 dAz )

nX?
Az
If A4, occupies the whole field of 4; then F; ., = 1. Itis a

measure of how much the field of view of dA4; is occupied
by Ag.

Radiation exchange between a black body and a black
enclosure (Fig. 5.6)

Consider an element dd4s on A4s; the geometric factor 4;
with respect to 4. is less than unity because 4; does not occupy
the whole field of view of dAs.
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[]-%} dh;

A,

Fi1G. 5.6. Radiation exchange between black body and black
enclosure

Also consider an element d4, on A;; the geometric factor
of A, with respect to 4, = 1 because the whole field of view
of dA, is occupied by A».

Q = o(T§—THA4,.

If the enclosure is not black but grey, provided it is large
compared with 4, the above equation still holds. The radiation
emitted by 4; = oe,TtA4, 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 A, after multiple
reflections, and only a negligible amount falls on A4,.

Radiation exchange between two grey bodies

Two parallel plates (Fig. 5.7 ) (geometric factor = 1)

A exQp I’2T2

A 0|0|I‘|T|

FiG. 5.7. Radiation exchange between parallel surfaces
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Radiation emitted from surface
1= €1O'T]1.1A.
The amount absorbed by surface
2= az(elonA) = €1€20'T%A(a1 = €1, ds = 62).
The amount reflected by surface
2 = ry(e10TEA).
Surface 1 absorbs amount
= a172(€10T14A).
It reflects amount
= r1r2(€10'T14A), etc.
The net amount of energy leaving surface 1
0, = e1e,oT{A[1 +(ryr) + (rrpP+ ... 1.
Similarly the amount of energy radiated from surface 2
0, = 1 0T3A[1+ (ryry) + (rirgl+ ... ]
Thus the interchange of energy
0, —01 = €1e,0(T3 —THA[1 +(rir)+ (rire)®+ .. .1

The sum of the seriesin| ] = - I .
1 —Fifs
_ ¢t 474
Thus ,—Q, = o(T§—THA.
1 —F1Fo
However, r=1-a=1-—e,
€1€20
0. —0, = 4 __ T4
b ] Ql l _(1 _el) (1 _e2) (T2 Tl)A
L0 (14T

- s+ e1—eieg
Similarly, it can be shown that for twin concentric cylinders,
of radii R; and R (R; on the outside at temperature T;),

o €1€620
Qz—Ql - €z-|-€1(1 _e2) (R2/Rl) (T%_T%)A'




HEAT TRANSFER 107

Heat transfer coefficient by radiation
Earlier it was shown that Q = hAAT.

Therefore h, AT\ —T,) = ec(T}—TH A
ea(Ti—T})

B, = £0
(Th—Ty)
_ eo(Ty—T,) (T, +T,) (T} +T3)
- T1—Te )
h, = eo(Ty+T)T3+T).

5.3. GAS RADIATION

Most of the simple monatomic and diatomic gases are trans-
parent to thermal radiation, but some gases, such as water
vapour, carbon dioxide, and hydrocarbons, absorb radiation
at certain frequencies.

If I is the intensity of radiation falling upon a gas of layer
thickness ¢, then the intensity /o, after having passed through
the gas, is given by the expression

I = Ioe_’”’,
where m is proportional to the partial pressure of the gas at one
wavelength.

Absorption = function P,X L, where P, is the partial pres-
sure of the gas and L the equivalent thickness of the gas layer.

3-4% 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 walls; only a small proportion of
this heat is absorbed by the gases.

A method of estimating the effect of gas radiation, after
Hottel, involves evaluation of the gas emissivity coefficients and
then applying them to a modified fourth-power law correcting
for the influence of gas composition and for gas layer thickness.

i ’ TG 4 ’ TS 1 ' 2
Al ff e

The steps in such a calculation (see Efficient Use of Fuel) are:

O/hr = 0-01713 X e;

Emissivity of
02 — \\ o carbon 1di:xide
1 el Py=totm
N on, T
N
3. I
0l %é’:;k\%ﬁ:\ '\\\\
008 ,\\: ‘t\ \:ogf\ —~ \\ ~
0-06 \\-'//’—\\ \‘&1#0‘ g \\\ ~
N SRR NS N
008 b ST \‘b‘\\ \‘\\ \\ S
ol e I, D
NS
‘é \..——-——-\ » 208
: 0.02 \“.g‘%,; ™\ k\ N
NESNSN NN
RN
L I \\“q,;’\ P \\\\\\ ~
008 \\\o.o \\\\\ *:\ \\‘\ N\
006 |—mr et el NI N
L, N NN N
0-04 c<¢O’%,,, \\\\\ \
T NN Y

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Temperature R
FiG. 5.8. Emissivity values of carbon dioxide for various values of P,L.
(Reproduced by permission from Heat Transmission, 3rd edn., by W. H.
McAdams et al., 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 (P.L) and water vapour (P, L) 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).

Emissivity of
water vapour
Pr =lgtm
Py =0

06
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il
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O,
()
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)
% /
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7/

‘f\
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0-02

v,

”
//
/|

0-01

SOSOY
008 ANAN AN
XK Y

500 1000 1500 2000 2500 3000 3500 4000 4500 500C

Temperature R
FI1G. 5.9a. Emissivity values of water vapour for various values P,L.

(Reproduced by permission from Heat Transmission, 3rd edn., by W. H.
McAdams et al., McGraw-Hiil.)
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(5) The value of ey, obtained from Fig. 5.9A cannot be used
directly because the emissivity of water is also dependent upon
concentration. Thus eg,o = ey,oXC, (Fig. 5.98).

(6) The values of eco, and ey,o have to be further corrected
for radiation absorbed by the gas. This is obtained from Fig.
5.10.

ec = eco,+en,0—Aa (4e = Aa).

Cw

NN

(o] 0-2 0-4 06 0-8 -0 -2

-P"—‘ZL—E-’- Atmospheres

FiG. 5.98. Correction factor for converting emissivity of water vapour to
values of P, and Py 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 agas = aco,+an,0
r
ag = dco,+ an,o—Ada (am,0 = au,0XCy).
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This gives values of sufficient accuracy for most applications
where the gas temperature (T) is considerably higher than the
walls of the furnace (7,). However, if this is not the case, then
the absorptivities so found have to be corrected by multiplica-

. T ..
tion of P.L and P,L by (J), and then by an empirical factor

Ts
TG’ 0-65
z)

0-07 T T p———————10:07
260 Deg. F 1000 Deg. F I7OP Deg. F and above
. 1 I — 1In.
0-06 e =5t o 0%
N\ et

005 L R 005
Ly /‘“\e
be) (1 N

0-09 - -0 0-04
Q}’ ! NG otin [/ /675\j

0-03}—+% XQ" - 4 A 0-03

~ / y v, " /

002 _.Q°A A5 N /oo 002
g 4 p ¥ 0, N\
N4 P AN\ X}

00! o 7 55T N 001

%D s
- =020 20 N 0
0 02 0406 OR LON 02 04 06 OR .00 02 04 06 08 10
Pw Pw Pu
P +Ps B +Py Pe + Pu

F1G. 5.10. 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.)

. , Ts7({Tc\"%
Thus PCL = I:PCLXTG]( Ts)

. To | To\0®
e a3

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 ¢; 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 e, = 3 (e,+ 1), where e, = emissivity walls.

5.4. HEAT TRANSFER BY CONVECTION

In this case heat transfer is attributable 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 U, 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 h,, 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 4, 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 (g) 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 g and the
variables can be expressed by a simple power series:

q [Vx] o X2 ‘ATX"‘MX“ kXse 0¥ .C}'}W .(ﬁg)xs]‘
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q heat transferred per unit area per unit time
V velocity

L linear dimension

o density

@ viscosity

k thermal conductivity

C, specific heat at constant pressure

AT temperature difference

(Bg) coeflicient of thermal expansion

x gravitational constant (buoyancy factor)

113

Dimensions
QL-2T-1
LT?

L

ML-3
ML-1T—1
QT-1L-16-1
QM~14-1

0

LT-20-1

The dimensions used are length (L), mass (M), time (T),

temperature (0), and heat Q.

If indices on both sides of the equation are equated:

in length —2 = X1+ Xe—X4—X5— 3x¢+ Xg;
in time —1 = —x3—x4— x5—2x53;

In mass 0= x3t+xs—x7;

in heat 1= x5+xq;

in temperature 0 =  x3—X5— X7— Xg.

These equations can all be solved in terms of x;, x,, and x,
to include only one of the variables, V, C,, and fg.

xg = x1+2x3,

X5 = 1 —xz,

Xg = —X1+X7—2Xg,
xg= l+xg

xe = — 1+ x3+ 3xs.

Thus

q= CYV [ —1+x+3x; AT1+x8‘u-xl+x7—2x8kl"‘x7 Qx1+2x8C§7(ﬁg)xs

or

L u k 2

g = CkAT (LVe )"‘(Cp#)"7(ﬁgATL392)x8

u

D :CIFT 9
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Sinceg = hAT (A4 = 1),

gL (i’:) = C(LVQ)x’(Cp.“ )( Bg ATLSQ”)X*.

Atk ~ \k U k u?
These four groups are dimensionless and are known as

}llf; = Nusselt group (Nu),

£Z§)‘ = Reynolds group (Re),

gliﬂ = Prandtl group (Pr),
o 3,2
é‘i%l;@f = Grashof group (Gr).

For natural convection:
Nu = function (PrGr).

For forced convection:
Nu = function (RePr).

For gases the Prandtl 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
liguids of not more than twice the viscosity of water

Nu = 0-023 Re%8Pro-4,
With diatomic gases, Pr = 0-74, and Nu = 0-02 Re®8.



HEAT TRANSFER 115

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

Nu = 1-36 [RePr(d/L)]**

has been found to be valid (d = tube diameter; L = length of
tube).

Forced convection outside tubes

For flow across single cylinders:

Nu = 026 Re%8 Pr®3 for Reynolds numbers between 1000
and 100,000.

For gases this reduces to Nu = 0-:24 Re%S,.

Re,,,, is used because the velocity distribution around a
cylinder is non-uniform.

For flow at right angles to bundles of tubes such as occur in
many heat exchangers Nu = 0-33 C Re%8,Pro3. 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 % is in selecting the best
diameter. Onesuch relationship gives the outside film coefficient

hd. (—_) _0027(dV9) pross,
k \p I

where 1 = viscosity at mean bulk temperature; u, = viscosity
at surface of wall; d, = ds—d.

T See Chapter 6.
99



116 CALCULATIONS IN FURNACE TECHNOLOGY

Simplified equation for convective heat transfer to air

For stream-line flow and turbulent flow from walls and pipes
to air ¢ = constant (AT)Y25. 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.

Drop 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 N tubes the heat transfer coefficient between va-
pour and tube surface is given by

s k392g). 0-25
h—072(Ndy0) :

where 0 = temperature difference between the vapour
and condensing surface; A = latent heat of condensation
fluid.

(b) Vertical tubes:

3,2 0-25
(i) Stream-line flow # = 1:13 ( kgl

Lvo

3520\ 0-333
(ii) Turbulent flow A = 7-7X 10—3Reo.4(k52g)
(Re greater than 2000).
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For steam condensing as a film at atmospheric pressure,
h = 3100.4-0250—0-333 (FPH units).

For a single horizontal tube, and for vertical tubes,
= 4000L-9-259—0-333 (FPH units).

Various attempts 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.

Us — . Xc
Uniform

bound
Streamiine Turbulent boundory layer

boundary " layer pa S :Buffer loyer

S 77 I/Luminur sub~layer

—
Velocity
—

F1G. 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 portion 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 Re“Pr’.

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.
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The first relationship is known as the Reynolds analogy and

shows

h
_ " o« Re-9%
CPQ Us o« Re .

where U, = velocity at surface.
For turbulent flow in pipes
h
———— = 0:032 Re~0-25,
CooUs ¢
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. For turbulent flow,
h

—_— =0 —0-25 0O R —0-125, Pr— —1_
¢,00 0-032 Re [1+2:0Re (Pr—1)]

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

CUp ~ 14092 Re OT{(Pr— 1)1 In(S/6Pr 1 1/6)] °

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
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is therefore necessary to find an expression for the average tem-
perature difference 0,, to be used in the general equation

0 =UAS,,.
—— GI
+—G,
T
T
T
8 8 8>
To
To
Ta
1
Length —=

Paraliel flow

G, -

Length —
Counter current flow
F1G. 5.12. Temperature gradients in heat exchangers

Parallel flow heat exchanger

Suppose that the outside stream of fluid which has a specific
heat of C, flows at a rate G, with temperature changes as indi-
cated.
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Suppose also that the inside stream of fluid which has a spe-
cific heat of C,, flows at a mass of rate G,, also with tempera-
ture changes as indicated.

Over a small element of area d4 where the temperatures are
To and T' respectively

0 =T ~To, and db =dT"'—dT,.
The heat given out by the hot stream
=dQ = -G,Cp, dT" .
The heat taken up by the cold stream

= dQ == Gchz dTo.
—dQ dQ 1 1
* GlCPl Gchz dQ(GICP1 * G2CP2) dQ "
However, OH = 0:—0, ... )
db
and UdAb = d =——>

A 0,
HufdAz_fﬂfi,
0

0 6,

HUA = —log, 92 .
6,

_ log, (61/62)
Thus H = U4 2)
From eqn. (1)

0,~6
6,—0,=QH and Q= JH 2.
By definition, 0 =UAb,,.
_(6:-6)U4

Thus Q = m from eqn. (2)

01—0,

Hence Bm = m .
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f,, 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 sel 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.

For multipass and cross-flow heat exhangers, the true mean
temperature difference is less than for counter-current flow and
greater than parallel flow. For 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 I which depends upon two
functions 4 and B which have values of:

_ temp. of tube fluid leavmg~temp of tube fluid entermg

" temp. of shell fluid entering —temp. of tube fluid entermg
lemp of shell fluid entering —temp. of shell fluid leaving

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 quantity 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 proportional to the difference in temperature
between hot and cold faces;
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(2) it is inversely proportional to the thickness of the mate-
rial through which heat is passing;

(3) it is directly proportional 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 — A4 Y & kA——H

(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,

dQ dar
ar~ K ax
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
driving force AT

Ofhr = thermal resistance X/(kd4) -~

Units of k£ in common use are:
k = lb-cal/hr ft2 °C/ft (in.) = W/m K = J/ms °C
= Btu/hr ft2 °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 = 4, rate of heat flow = Q,
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Adding these three terms,
X1 Xa X3
Ti—Ty = i
1 (klA“Lsz*k?,A)Q’
T:—Ty driving force _ Ti—T,

Q= x/(kA) ~ thermal resistance ~ Xx/(kA)’
It is also worth noting that

temperature drop over x; _ thermal resistance xi
total temperature drop ~  total thermal resistance
T T2 T3 Ta
\
Kl Kg K3
X X2 X3

F1G. 5.13. Conduction in multiple walls

Calculation of heat flow through wall of a cylindrical tube
(Fig. 5.14)

Fic. 5.14. Conduction of heat in cylinders
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Let the internal and external radii be r, and r» and let the
steady-state temperature of the inside and outside of the tube
be T; and T3; let T 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

do dr
@ =T
Since = 2arL,
dQ dT dr

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(dT/dr) must also be a constant.

rdT = q; dl = a ({’; ;
dr ¥
Ty re
J dl = a ﬂ
’
T3 ry

(To—Ty) = a (loge i%)
¥

Substituting in eqn. (1)
49 _ 27kL(T1—T:)

dt lo "2
e rl
_ drivingforce @~ T1-T,
 thermal resistance = (ra—ry)

k2nar,,L

A = 27ar,L,



HEAT TRANSFER 125
Fo—F1
re )
2:303 10g10———
ra
For thick-walled tubes r, must be evaluated to calculate the
heat transfer rate. It is not always convenient to use r,, and for
thin-walled tubes r, the arithmetic mean radius may be used:
rit+re

¢ 2

where r,, = logarithmic mean radius =

r, will give an accuracy within 109, if 2 32
ra

r, will give an accuracy within 19 if 2 _ 1.

Economic thickness of lagging

Lagging thickness = ro—ry = 1y (;2__ 1)
1

r
= ry(r—1), where r = —ri mm.
1

Log mean radius lagging

Fo—F1 rir—1)

~ log. (ra/ry) _ 100010g, 7 m

Area over which heat is being lost for 1 m length pipe

_ 2ar (r—1) .
= 7000 log, r 1 ™

Heat loss per unit time

driving force
thermal resistance

AT /[r(r— D] ATk

[k27ry(r—1)}/1000 log, r ~ 1000 log. r
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Let B = 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

P = the annual maintenance and capital charges as a fraction

of the initial cost.

w ATkB
Then annual heat lost = 7000 Iog, 7
L _ad-rPl  arf*-1)
Volume of lagging = 106 = 108
22
Annual charges = ﬂi]_oe.l)A_P )

a ATkB adPri(ri—-1)

Hence total cost = 107 log, 7 106

The cost is a minimum when dC/dr = 0.
dC a ATkB APr3X2r

dr ~  10%(log, r)? 108

Equating to zero and transposing,

nATkB ~ 2nrirdAP
10%(log, r)2 ~ 108 °

1000 ATkB
2 2 — N
r (logc r) _ r%AP b4
g, ) — 10 104TkE 7
Be - ¥y [ AP :| )

Economic thickness of lagging = ry(r —1) mm

__rl

AT is the temperature drop over the lagging surface.

10 [10 ATkB 742
e ]

C.
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For a lagged furnace wall, per square metre of wall the vol-

. t
ume for thickness r mm = 108 m3.

Annual charges = 1% new pence.

Heat lost per second by conduction = @

ATkB
Annual cost = — new pence.

APt ATkB
Total cost = TO—3+—-T* = C.

dC _ AP ATKB
dr 103 2

Equating to zero, and solving for ¢,

_ 103ATkB
- 4P

10 ATkB "2
=10 {" AP ] ’

t = economic thickness,

where AT is temperature drop over lagging and k& = thermal
conductivity W/m °C.

Calculation of heat flow through the walls of a sphere

dar

Qfhr = —kA .
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For a sphere of radius r; and thickness dr,

a . drl
A = kA
72
— .4 .
wk dT’ 0
F K
F dak
J‘ ']‘? - *d*Q*’ J‘ (iT,
ry Ty

ry = inner radius, ro = outer radius, T» = outer temperature,
T, = inner temperature.
1 1 477:/{(7"2771])

| ST 2% 0 ’
o - Ak =Tyriry
= Fo—r '

Calculation of the rate of solidification of a metal in casting
(analogous to thickening of ice on a pond)

aQ 4T

dt x

If it is assumed that AT is constant (i.e. there is a large body
of metal, in proportion to the amount solidifying):

do dx
a T e G
(L = latent heat metal per unit mass; ¢ = density metal),
dx . .
dt = rate of thickening.
AT dx
T —~kA-T =1LpA -
hus kA . LoA ar
I3 X L
_ Lo . _ Lox¥®
jéi’—k“AT‘JXdX, tﬂﬁAT
o 0

Thus x oc /¢, 1.e. the rate of solidificaticn is proportional to 4/¢.
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5.7. SOME SPECIAL APPLICATIONS OF HEAT
TRANSFER APPLICABLE TO FURNACE TECHNOLOGY

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. Most of the effective resistance

/] L -
s k
S, S S
MEEENERE;
X dx

FiG. 5.15. Heat conduction in simple fin

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

D : CIFT 10
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relationship
dr dr
sz—kAﬁ_—.—k(WB)F)?. ()
Thus the heat leaving the elemental section through X +dX
from the base of the fin

dQ dx

=Qx+ax = Qx+ 2

k(WB) —k(WB) d;; dx 3)

The net outflow to the surrounding air at temperature T,
from the element
dX =dQ = QX‘Q(x+dX)
d2r

= k(WB) — 0y dX. )

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,+h,.) = constant.

dQ = hA AT
= h2(W+B)dX(T—T,),

where T' = surface fin temperature.
If the fin is very thin, i.e. B is small compared with L,

dQ = 2Wh(T—-T,)dX. (5)
Hence eqn. (4) equals eqn. (5), and thus

B(T-T,) &4AT 2
o = axr =g AT ©)

The general solution to this differential equation is

AT = M emX++ N e—mX, @)

20\ 12
= (E) :
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The values of the constants of integration M and N have to
be evaluated by consideration of the boundary conditions.

At the base of the fin (X = 0) the fin temperature = T.

Therefore

ATy = (To—T,) = 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,

d AT
0.= —kLB (77_) = 0. )
dX )1,
Therefore (dél) = 0. (10)
dX ) x_1,
If eqn. (7) is differentiated with respect to X, when X = L,
T
-——d;A—— = 0= Mmemnt —Nme-"L. an
(x=D
e—mL
Thus M = AT() [——.—e'”L+e—’"L]
- emL
and N = ATO [m] .

Substituting these values into eqn. (7)

em(L—X) 4- e—m(L—X)
errlL+e—mL 1

- am [ LX),

AT = ATO I:

cosh mL

and this is the temperature profile along the fin.
For steady-state conduction, the heat flow from the surface
of the fin is equal to the heat flow through the base of the fin.

d AT
0 - —kWB (——)
ax (X=0)
sinh m(L —X) ]
x=0)

= mkWB AT, [ cosh mL

O = mkWB AT, tanh mL.
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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, somewhere be-
tween Tr and T,. (T = fluid temperature and T, is pipe tem-
perature.)

T—Tr = (To—Tj) [cosh m(L:li]'

cosh mL

The temperature at the end of the pocket is obtained when
X = L.

(To—Tw)
T-Tr = ‘coshmL
_ (Tv—T¥)
Thus T = coshmr tTF

In this particular case it may be shown that

hX circumference rod 112
m = . - -
kX sold cross-scctional area
From the above expression it is clear that the minimum error
in reading the fluid temperature is when T = T}, thus

To-Tr _
coshmL =~

This can be achieved by:

(1) lagging the thermometer pocket so that T, more closely
approaches T

(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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Therinocouple in a gas strea::

If a thermocouple is inserted into a gas stream the tempera-
ture recorded is intermediate between the fiuid temperature T
and the temperature of the walls of the conveying pipe T,.

The exact value of the thermocouple temperature T is ob-
tained by a balance of heat transfers such that

hoA(Te —T) = hA(T ~T,),

where A, and h, are the respective heat transfer coefficients by
convection and radiation.

Thus TF =T+ (T‘ Tll)) Z_[ .

From this expression it is evident that the most accurate value
of T will be obtained when T == Tp.

Thus (T~-T,) Zr = 0.

These conditions can be satisfied by:
(1) lagging the pipe so that T more nearly approaches T,;

(2) increasing the convective heat transfer coefficient by (i)
using thinner wires, (ii) increasing the velocity of flow
(suction pyrometer);

(3) by decreasing h, 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 approaclied 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, Y, Z be T"and at the point

X+dX,Y+dY, Z+dZ be T+dT.

A

X

Fia. 5.16.

Then the rate of conduction of heat through the element
or
'3).4
oT

=—kdZ dX |~ in the Y-direction,
oY ),

ar
07

= —kdY dZ( ) in the X-direction,
YZ

=—kdXxdy ( ) in the Z-direction.
XY

The rate of change of heat content of the element is the loss
of heat flow from XY Z to (X +dX) (Y +dY)(Z+dZ).
This is given by

oT oor
k dy dZ <_~) dX+k dZ dX <—) dy
oxz),, vz ),
2T
+k dX dY (»5?-)” az

T T T
“ravaraz|(ge) () o em) |
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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
oT
= CpdXdYdZ B
Thus
oT

o o T
— kdX dY dZ [(—) + (——) + (—) ]
axz),, o) Tloz2),

oT _ k [T eT\ | (0T
o =Gl ()t (2,

ko thermal diffusivity of the material.
Cpp

The above final equation cannot be solved directly since
temperature is a function of both distance and time.

Use of the Laplace transform

The Laplace transform involves transforming the equation
so that only the transform of T with respect to time is used in
place of T. The equation then involves only the Laplace trans-
form 6 and distance X. The Laplace transform is defined as

0= [ Te#ar, 1)
0

where p is a parameter; 0 is now a function of 7" and ¢, but no
longer of X.
The basic differential equation to be solved is
oT 0T

=D

En 5%? (D = thermal diffusivity),
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then this becomes

oo

L = J f—(??—‘re"l" dt  [from eqn. (1)],
0

ot

%0* = [Te“”’rﬂfj e~?' T dt = —T;—o+pb.
4 Jdo
0

e O _ ) OT

1nce at = W’

020
pO-Tio= DL
020 6 T,.-

If the temperature is initially constant, T,_, = constant. The
above equation is of standard form, viz.

X
Sy —AX K =0,

and a solution can be obtained by the following method.

2
Let gyez—_ng = 0. (2a)
Initially, try 6 = emX,
00
th e — mX
us ax me »
2
SO ‘ai = m2 emX.

ox?
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This satisfies eqn. (2a) if and only if

emX
mremx P _ ¢

D
14
=+1/(£).
Therefore m =+ I/(D)

The two solutions are thus

AetvwDX and Be-v@DX,

Since the third term in eqn. (2) is a constant, then it will be
assumed that § = « (constant).
This satisfies eqn. (2) if

Therefore

Hence the general solution to eqn. (2) is

0= AdeveiD)XL B e_\/(p/D)X"’Tt:()p—l- (3)

Thus
09 P P
YV 4P X _gE_ a—vipiD)X
5 A D evir B D e . 4)

The temperature T which corresponds to this transform 0
may be found by reference to the Laplace transform, tables of
which may be found in Carslaw and Jaegar. Equation (4) con-
tains two constants, 4 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 apart 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:

t=20; T=0.
t >0, T=T" when X=0.
oT

t > 0; 5{\—/: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

o ,
T=3Y (DT’ [erfc
N=0

2LN4X 2N+ 1) L—X
ST S|

Values of erfc X are found in mathematical tables such as are
included in Carslaw and Jaegar.

The finite difference method (Schmidt’s method)

The variation of temperature T in any particular direction
can be expressed by means of a power series:

T = (ap+a1X+axX?+aszX?...) in the X-direction.

By using Maclaurin’s theorem, T can be expressed at any
distance from point O in terms of the differential coefficients
of T =f(X)at X = 0.

T, = an

TN~ g theref _ (T
(BX)OH <dy, ierefore  a; = (éX)o’
0T o:T

8_/\’2) = 1 X2Xa,, therefore a, = (5/\,—2)1m ,
83T) ;T

aox ) = I X2X3Xa;, therefore a3 = (L,,-) .
(BXS aXs 1X2X3
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Hence the variation of T in the X-direction is given by the ex-

pression
n 02T\ X2 n o°T X3
(6X2) 1x2 (6X3) IxX2x3 "7

The values of temperature at distance X = AX and X = —AX
from the point of origin (equal distances in either direction)
are given by (Fig. 5.17):

T = TO+<6T)

o0X

S AX  (O°T\ (AXp (&°T\ (AX)
e (ax) 1 (ax2) 1x2 (6X3)0 IX2x3 777
7o — . (OT\ @X) | (@T\ (AXp T\ (AXy
a0 ('a_x) 1 (axz) X2 (5F)OI><2><3

Neglecting fourth-power and higher terms,

0T
2
Ti+ T3 = 2T+ (4X) (6)(2) ,
OT\ _TitTs—To
(ox), =~ Gaxr

Similarly, the value of (0T/0¢), can be represented by a differ-
ence equation
oy _ Ty
(a:)o T A
It was shown earlier that

oT o:r . . .
B = =D- e in the X-direction.
Ty—To  D(T\+T3—2T)
At (4X)2 ’
. 2DA;_ T:+T;3
T AXx)2 [ 2
Tx-1+Tx_3
2

Thus

Ty—To —To] (Fig. 5.18),

AT = —Tx=o0.
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aoupysiq
0=X
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a4y )
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T)(=0 Tx:'
at}
T Tx=3|
T
AX AX
[3)
X ——
FiG. 5.18.
2D At (4X)?
I e ——— = 1 =
f X or At 5D ° (5)
then AT =T 4—T;_o.

This is the increment of temperature at section X, during the
time interval A¢ = (T4 —T)).

Equation (5) can alway be satisfied by suitable selection of
AX and At using the thermal diffusivity of the material.

Values of T at time ¢+ At at 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

4xy

At = D




142 CALCULATIONS IN FURNACE TECHNOLOGY

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

For a body of characteristic dimension L, initially at uniform
temperature Tp exposed suddenly to surroundings at T, the
temperature 7 at any given time # at distance X from the central
plane can be combined with the other variables to give the
dimensionless groups:

For slabs For cylinders or spheres
y= LT r-T
- T'—To T T,
X r
N=7 R
Dt Dt
T ia
k k
M=3L hR

h = heat transfer coefficient from surface.

L = semi-thickness of slab.

= distance from centre of slab.

= distance from axis of cylinder or centre of sphere.
= thermal diffusivity material.

= time.

= radius of cylinder or sphere.

rTOY &

Curves connecting these groups have been drawn by a num-
ber of workers. They are reproduced as Figs. 5.19, 5.20, and
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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, & becomes
infinitely large and the fourth group becomes numerically
equal to zero.

0
0.7 ——
. N ™~~~M:=5 LAll values of N
?.2 NN Y o~
3 \ \\\\\Q\:\\\&e o \'\
2 \ \\\\\\\\:\&/\\k\- N=0'5
5 AVA\ \\‘\ \4,\ N D N\=O8
010 \ \\:Oh \\ k \"f'\
0-07 \ \ % \;\ &;(Nw Q
0-05 \ \O \‘\‘k \N\("“c 5
0.04 \ \ \\\\ \\\ N=0-8
\\ N0 NN
v 003 NS
\ N=05
002 N - }\\
0-0I5 \ \\ N=°'-8 \\
0-010 \ \ i‘“ \\
\jeo N\
A Nos NN\
0-005
0-004 \ [\n=08 A\N
Wt N\
0-003 \ \
0002 ( \ N \
0-0015 L \\ \\\\
W\ AN
(o] ' 2 3 4 5 ry

Fi1G. 5.19. Unsteady heat flow in siabs.
(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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o-7
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FiG. 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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Fi1G. 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 : CIFT 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.

T, = hot face temperature.

T» = cold face temperature.

d

M

Il

thickness of refractory brickwork.

Il

mass per m2 = volume X density.
Heat stored = MXC, X AT.

0, = (@xX1)XeXC,X {— —Tambient]J
o = density kg m™3 |
C, = specific heat J kg~ °C~!
When a furnace is shut off the heat loss per unit time will ini-

tially be the same asunder steady-state conditions. This is given
by

_ driving force
thermal resistance

0

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 = 0,/0.

The total heat lost in the shutdown period

Qo = Os[1 e~ Jm~2,

where #, is the shutdown period.
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5.10. HEAT TRANSFER CALCULATIONS

ExaMPLE 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 at the surface of the metal (A =<o). 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% kg/m3.

Method 1. By direct calculation (Fig. 5.22)

2L

Fi1G. 5.22. Heat transfer in semi-infinite slabs

The appropriate equation to use is

S J .o 2LN+X 2AN+1)L-X
T e o e T |
N=oo
= Ngo (=DNT2 erfe —(%%Dlt)—)l‘ (when X = L).

11*
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The first step is to make the initial temperature throughout
equivalent to zero.
T = 1000—20 = 980°C.
T" = 1200—20 = 1180°C.
T 980

Therefore 7 = 1156

= 0-83.

The thermal diffusivity

ko 27-634
Coo  0:65X103X7-7X 103

Therefore v/D = 0-002352.

083 .. 0-32N+1)
Thus o> = 0415 = [erfc m}

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 1=V2 (when N = 0) as a first approxima-
tion.

D = = 55X10-9 m2s—1,

6372
12 - 77 ..
Therefore t 0-591

t = 11,600 sec. (Answer.)

Method 2. By the use of dimensionless groups
-7 1200—1000 200

T—T, ~ 120020 — 1180 ~ 217
X
T = 0,
k
=0

Dt 00000055 ¢
r 03
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Using the appropriate curves,

0-0000055 X t
075 ==z

t = 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.

_ (4X) _ 00036 _  0-0018

2D = 3%D — 0:0000055 >0 sec.

At

Diffusivity D = 5-5x 108,
Therefore time = 330X 38-5 = 11,550 sec. ( Answer.)

EXAMPLE 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

= Ge(Ti4ngot _Tz%ir) + O""(Tv4vall _Tgir)-

Heat transferred = oeT g1+ 67T wan-
(T2, is small compared with the wall and ingot temperatures
and can be neglected.)

This must be equal to = 6T pserved-
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Thus Tgbserved = eTi%lgot'i‘ rT\%vall .
Topserved = 0-75X 1273+ 0-25X 1773
Tobserved = 1450 K.

Temperature indicated = 1177°C. (Answer.)

EXAMPLE 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 mm 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 1078 W/m? K4.

[HNC Metallurgy, Swansea College of Technology.]

Qs = 567X 10-8x (4734 —293%) J/m? = 1-936 kJ/m?.
1 mrun of pipe = aX0-150X1 m? in area = 0-471 m?.

Loss per metre run pipe = 0-471X1:936 = 911-85 J/s.
( Answer.)

EXAMPLE 5.4

Calculate the heat loss per m? 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 14195 W/m? °C,

[HNC, part I, Institution of Metallurgists, specimen ques-

tion but with units changed.]
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driving force

ce

0255 010 1
1492 70144 ¥ 14195

1480
0-07042 ~ 0-9410

o _ __ drniving torce
Q/s per m* = thermal resistan
= (1500 --20) /
1480
O = 01776 10693+
= 1573 J/s. (Answer.)
EXAMPLE 5.5

A furnace is constructed of 9 in. of magnesite brick of mean
thermal conductivity 15 lb-cal/ft? 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 1b-

cal/ft? hr °C/in. as an additional

(a) What thickness of materia

(b) From your knowledge of
temperature of the interface wou

outer layer.

1 will be necessary?

refractory materials and the
Id this material be suitable?

The heat transfer coefficient from the outer surface to air at
20°C may be taken as 2-0 Ib-cal/ft2 hr °C, and the inner wall

temperature 1500°C (Fig. 5.24).

[HND 11, Metallurgy, Swansea College of Technology.]

500°C Tec

K=15

TN

400°C

K=1-3 l¥ 20°C

FE

FiG. 5.24.
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driving force
QT = “ermal resistance

9 L, x 1
151 1-:3X1 ~ 2:0X1

= (1500—20)/

1

= (400 — 20) / 0% (steady-state conditions)

= 380X 2 = 760 Btu/ft2.

1480

760 = 06+ (X/1-3)+ 05

1480 = 760X 11 4+ ==

X = 1-09in. (Answer (a).)

Tinterface — 400
2 _ . "_1>nterfaci — VM
Q/ft2 hr = 760 = L09/(135T)

- T60X1:09
1-3
AT = 637-2°C,

Tinterfuce = 6372+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 1b
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 1b/hr.
Calculate:

(a) the temperature at which the heated gases leave the heat
exchanger;
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(b) the approximate area of the surface of the heat exchanger
given the overall heat transfer coefficient U is 5 Btu/ft? hr °F.

Mean specific heats: of air, 0-249, of heating gases, 0-36
Btu/Ib °F (Fig. 5.25).
[HNC Metallurgy, Swansea College of Technology.]

68°F
—
2500 ib/h C, 20-249 i020°F
-F 1660°F

A
5000 ib/F Cp=U3k

Frc. 5.25.

(a) Heat gained == heat lost.
2500:< 0-249 % (1020 —68) = (1660 —T7")x 3000 < 0-36.
T = [111-3°F. (Answer (a).)
(b) Q = UAD,,.

0,, = logarithmic mean temperature difference.

I Sl B
~2-303 logio (@02)

0; =1111-3—68 = 1043-3°F.
6, = 1660 —1020 = 640°F.

0,0 = 1043:3-640  _ _ ¢rs.6°F.

0[”

Q/hr = 2500X0-249 X 953
= 3000<0-36X648-7

592,600 Btu.

5X AX825-6.

592,600

it
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Area of heat exchanger surface = 592,600

5% 8256
= 143-5 f12.  (Answer (b).)

EXAMPLE 5.7

A horizontal pipe, of thermal conductivity 44-64 W/m °C is
lagged with a 50 mm thickness of 859, 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? °C. The
inside film coefficient may be taken as 22-7 W/m? °C.

Estimate the externai surface temperature of the lagging.

[Fuel and Combustion Engineering, Swansea College of

Technology.]

For the metal surface, since ra/#; is less than 1-5, it will be of
sufficient accuracy to use the arithmetic mean radius

C
= 7,5%2)9 ~ $25 mm.

For the insulating layer r,, the logarithmic mean radius must
be used.

Lo ren 14090 o
" = 2303 log (ra/r1) _ 2-303 log (140/90) ‘
Heat lost per unit time = driving f‘orce
thermal resistance
1 0-15
= 260‘20/ 23 TXa X015 446470165
0-050 1

00576 XX 0226 T 19.8Xw X028
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B 240 240
= 0:0935+0-0006+ 1-2225+0:057 ~ 2373

= 101 W/s m run pipe.

temperature drop over surface to air
total temperature drop

__ thermal resistance surface to air
total thermal resistance

240X 0-057
Thus AT = W
AT = 5-806°C.

Surface temperature = 20+ 5-8 = 25-8°C.  (Answer.)

Alternatively,
T surface to air

Qfs = resistance air film
T
101 = 4657
T = 5-8°C.

ExAMPLE 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 partition 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 partition is 20-9 W/m °C.

[Institution of Metallurgists, Old Regulations, Fuels.]
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1 1 x 1

T "k h
1,006
T 2268 1209 ' 567
(1] = 0:0441+0-002865+0-01764 = 0-06457.

U = 1548 W/m °C. (Answer)

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/ft?2 hr °F and the properties of the firebrick and dia-
tomaceous insulation are as follows:

Firebrick: thermal conductivity 7-5 Btu/ft? hr °F /in; density
120 Ib/ft3.

Diatomaceous insulation: thermal conductivity 1-5 Btu/ft?
hr °F/in.; density 30 1b/ft3.

For a furnace temperature of 1000°C calculate:

(i) the temperature of the firebrick—diatomaceous insulation
interface;
(ii) the steady-state heat loss per unit height of furnace from

the external surface to the surroundings, ignoring end effects.
The temperature of the surroundings is 20°C.

loge = 2-303 logm .

[Institution of Metallurgists, Part IV, AIM, Furnace Tech-
nology.}
driving force

Q/br = thermal resistance
_ (1000—20)X 18
" 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.

FiG. 5.26.
For firebrick
Fa 36 _
E -_— ﬁ — 1 3.
For diatomite
1.
1

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,

. X
thermal resistance =

dnr k1l

-2~ oo

31-5

For diatomaceous lining, thermal resistance

3

- 375
21

= 0-103.
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Therefore

(1000 —20)x 1-8
0-073+ 0-103+ 0-021

(i) Q/hr —unit height =

980X 18

= o797 = 8954 Btu/hr — unit height. (Answer.)

(1000 —T)x 1-8

9854 = 0073

T = 1000 —363-1
= 636:9°F the temperature of the interface required.

ExAMPLE 5.10

(i) Determine the surface heatloss 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/ft2 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? 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 data: area, 100 ft2;
temperature, 300°F; convection constant, 0-39; emissivity of
surface, 0-82; ambient temperature, 70°F.

F1G.5.27.
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Stefan-Boltzmann constant = 1-72X10~Y Btu/ft2 hr R4
[City and Guilds Advanced, Fuel Plant Technology.]

driving force
thermal resistance

2:5 1

Q/hr —ft run =

i
I
I

Lo 553
2-303 loglo%é

= 4-135 in.

25
Q/hr = 412/( T +o-139)

44X 2XTX 5~

412
T 2:624+0139

Q/hr = 150 Btu/ft run. (Answer.)
(i) Q/hr radiation = 1-72X 10-9X 100X 0-82 X (760% — 530%).
Q/hr convection = 0-39x 100X (300 —70)1-25,

ExXAMPLE 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 heatexchanger 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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fic heats of the waste gases and the air are respectively 0-0215
and 0-0197 ft3 °F at NTP. The fuel gas is burnt at the rate of
20,000 ft3/hr at NTP.

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? hr °F (neglect additional air leakage or loss and external
surface loss from the exchanger).

log, = 2:303 logyo.
[City and Guilds Advanced, Fuel Plant Technology.]

Waste gas__ . 14700F X°F
air 70°F T20°%
FiG. 5.28.
Air
—— = 4-57.
Fuel

Products of combustion
volume gas burnt

= 5-27 vol./vol.

For each hour of operation
Gas burnt = 20,000 ft3.
Air to burn = 20,000 4-57 = 91,400 ft3.
Excess air = 109, = 9140 ft3.
Total air required = 91,4004+9140 = 100,540 ft3.

Products of combustion = 5-27X20,000 = 105,400 ft3.
D : CIFT i2



162 CALCULATIONS IN FURNACE TECHNOLOGY
Heat gained by air = heat lost by waste gases:
100,540 0-0197 X (720 —70) = 105,400X0-0215 X (1470 —-T).
T = 598-2°F. (Answer (i).)

Q/hr = UA6b,,,
0 - 01—02
™ = 2:303Togyo (61/63)°

6, = 1470—70 = 1400°F,
62 = 720—598-2 = 121-8°F,

0 1400—121-8
™~ 2-303 logse (1400/121-8)
= 523-0°F.
L_1, 10
U hi hy
_1 1
— 775

U = 2-91 Btu/ft? hr °F.
QO/hr = 100,540 <0-0197 X650 = 1,286,000 Btu
= 291X 4AX523.
Area = 845-7 ft2.  (Answer (ii).)

EXAMPLE 5.12

A 3 in. (0.d.) pipe carries high-pressure hot 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 0-04 Btu/ft2 hr °F/ft. The com-
bined convective and radiative surface coefficients may be
taken as 2-5 Btu/ft2 hr °F. Ambient temperature 60°F.

[Institution of Metallurgists, Old Regulations, Fuels.]
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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  (1/2-54)

O/hr
1-5
A= 2><7z><—1-2'><1 for 1 ft run.

(300 —60) X 3000 X 2-5 XX 3
12

= 1,413,600 Btu. (4Answer (a).)

(a) For 3000 hr, Q =

(b) With lagging

0 = (300—60)% 3000/ ( 2/12
Q= /(0-04><2><7z><r,,,><1

1

T sxax (/1) X1 )
35-15

2-303 logyg (3-5/1-5)

o — 2403000
T 2741+0-306

= 185,400 Btu. (Answer (b).)

= 2:36 in.

P =

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 S00°F, and
the surroundings are at 80°F. The heat transfer coefficient in-
side the pipe is 2500 Btu/ft2 hr °F, and from the outer surface of
the lagging 1-6 Btu/ft? hr °F. The thermal conductivity of steel
is 25 Btu/ft hr °F and of the insulation 0-05 Btu/ft hr °F.

Calculate the surface temperature of the lagging (Fig. 5.29).

[City and Guilds Advanced, Fuel Engineering.]

r1=45in. ry=4875in. r3= 6-8751in.

12%
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FiG. 5.29.

Thus r2/r1 and r3/rs are both less than 1-5 and the arithmetic
mean radii may be used to calculate areas.

For metal wall  r, = LB“'& — 4687 in.
For lagging Fo = ELS;QE = 5-875 in.
O/hr driving force

" thermal resistance

1 0-375/12 2/12
(500 _80)/ [25007:(9/12) " 25m2@687/12) T 0-0522(5-875/12)

1 420
+ 1-67:2(6-875/12)] ~ 0-00017+0-00012+ 1-083+0-173
40
= 1256

It is evident that the first two terms may be neglected.
Q/hr = 334-5 Btu/ft run.

Tsurface ~80

Qfhr = 334:5 = e

AT = 57-8°F.

Therefore temperature surface = 57-8+4-80 = 137-8°F. (A4n-
swer.)
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ExAMPLE 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 mm 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 Re08 Ppo-33,

Specific heat at constant pressure = 1-06 kJ/kg °C.
Thermal conductivity = 0-0277 W/m °C.

Density = 1-121 kg/m3.

Viscosity = 0-0227 mN s/m?.

[City and Guilds Advanced, Fuel Plant Technology; units
changed.]

650

Mass rate per tube = S0 3600 kg/s.

Mass rate of flow G = UAp,

6= "le,
f:% = U dp.
Re = Ung = 71;45; ’
(Re)® = (n><0-035>< x0698§2671 X 10‘3)0‘8

Il

1345.



166 CALCULATIONS IN FURNACE TECHNOLOGY
Cop\ %33
Pryo-ss — ( ZPT

_ (l-06>< 1000 0-0227X 10"3)0'33

00277
— 0-8837.
ﬁk‘{ — 0-023% 1345 0-8837,
0023 1345 X 0-8837 0:0277

0-025 ’
A = 3016 W/m °C. ( Answer.)

ExAMPLE 5.15

A building is to be heated by means of radiators connected to
a two-pipe riser LPHW 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? U value 1-0 Btu/ft? hr °F.
Wall area 1400 ft2 U value 0-3 Btu/ft2 hr °F.
Roof area 2400 ft* U value 0-33 Btu/ft2 hr °F.
Floor area 1800 fi> U value 0-1 Btu/ft2 hr °F.
Volume of building 30,000 ft5,

Air change 2 per hr.

Density of air 0-076 1b/ft3.

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.

Radiator emission = 1-6 Btu/ft® hr °F.

Ignore pipe emission.
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[Institution of Heating and Ventilating Engineers, Section B,
Principles of Heating, Combustion and Air Conditioning.]

driving force AT
Q/br = thermal resistance =~ 1/UA’
O/hr = ATUA.
Window loss = 30X 1 X 600 = 18,000 Btu
Roof loss = 30X0-33X2400 = 23,760 Btu
Wall loss = 30X0-3 X 1400 = 12,600 Btu
Floor loss = 30Xx0-1 X1800 = 5,400 Btu
59,760 Btu

Weight of air removed per hour = 30,0002 0-076 1b.
Heat lost by air = 30,000 2X0-076 X 0-24 X< 30 (mst)
= 32,832 Btu.
(a) Total heat loss per hour = 92,592 Btu. (Answer.)
Emission from radiators = 1-6X20 = 32 Btu/ft? hr.
92,592

(b) Heating surface required = Ty = 2893 ft2. (Answer.)

ExAMPLE 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 0-17 W/m °C respectively.
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[Institution of Heating and Ventilating Engineers, Section C,
Group V, Combustion Engineering; units changed.]

driving force

Qfs = thermal resistance °
1100—-230 870
2 I
Ofs—m® = G a5/Tad = 024
= 3625 W. (Answer.)
1100— 80
800 = (0-345/1-44) + (x/0-17)
1020
800 = 024+ (x/0-17)
800x
1020 = 800X 024+ -
x=0176 m = 176 mm. ( Answer.)
1100—T .
800 =~ 5, = 192°C.
800 T-80 828°C.

= (0-176/0-17)
Interface temperature 7 = 908°C.  ( Answer).
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CHAPTER 6

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 asin 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 standard 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. For example, 1 1b of
water at 212°F and at 1 atm pressure requires a minimum of
970-1 Btu to produce 1 1b 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 | 1b 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, or upon aunit 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 at 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/or 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-
burned 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 plant
is difficult, and invariably many assumptions have to be made.
Most 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 interconnection.
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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.

b

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 &, 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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FiG. 6.2. Sankey diagrams for Table 11

(Fig. 6.2 and Table 11 reproduced from Leckie
and Waring, J. Inst. Fuel, 1961, p. 414.)

TABLE 8. ELECTRICAL ENERGY CONSUMED PER CHARGE

PER Hour
kW Btux 108
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
| o
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TaBLe 9. BtuXx108/ion Steer. PRODUCED FOR THE PERIOD
Start CHaRGE TO TAP

609 hot 40%; hot Cold charge
metal metal
“8:1}:- with vg:ll'tx- with “g;r:- with
0, 0, 0, 0, 0, 0,
Furnace laboratory
In fuel 2-87 | 2418 | 334 | 2:34 | 4-84 | 453
Air preheat 1-:21 | 075 | 135 { 0:79 ; 1-81 | 1-45
Hot metal 0:46 | 046 | 0-32 | 0-32 nil nil
Bath reactions
Fe FeO burnt 0:20 | 024 | 0-22 | 0-:26 | 0-31 | 048
C CO 0-21 | 021 | 0-16 | 0:-16 | 0-18 | 0-18
Si Si0, 018 | 0-18 | 0-13 | 0-13 | 0-15 | 015
P P,O; 0:04 | 004 | 0-03 | 003 | 004 | 0:04
Mn MnO 0-:06 | 006 | 005 | 0-05 | 0-04 } 0-04
Fe-FeO slag 014 | 0-14 | 0-14 | 014 | 0-14 | 0-14
(Ca0),;P.0, 003 { 003 | 0:02 | 0-02 | 0-03 | 0-03
(Ca0),S8i0, 0-03 | 6:03 | 0-02 | 0:02 | 0-02 | 0-02
CO-CO, 0-57 | 057 | 0-41 | 041 | 0-46 | 0-46
Burner steam 003 | 001 | 003 | 0-01 | 005 | 0-02
6:03 | 490 | 622 | 468 | 807 | 7-54
Out steel 1-32 | 1-32 | 132 { 1-32 | 1-32 |} 1-32
Slag 0-21 | 621 { 0:20 | 0-20 | 0-21 | O-21
Waste gas 2:56 | 1-76 | 298 | 1-81 | 4-12 | 3-42
Water cooling 0-34 | 029 | 039 | 030 | 0-53 | 0-55
Surface loss 0:78 | 056 | 0-88 | 0-59 | 1-18 | 1-08
Losses to boxes and radia-
tion 0-06 | 0:04 | 007 | 004 | 0-18 | 018
Reactions Fe,O;-Fe 043 | 0:33 | 0-12 | 006 | 0-15 | 0-15
CaC0,-Ca0 0-07 | 0-05 | 0-07 | 0-07 nil nil
Unaccounted 026 | 0:34 | 019 | 029 | 038 | 0-63
6:03 | 490 | 622 | 468 | 8-07 | 7-54
Waste-heat boilers
In waste gas entering 1-26 | 0-88 | 141 | 094 | 1-:90 | 1-73
Out gas leaving 061 | 043 | 0-68 | 0-46 | 0-93 | 0-86
Steam raised 0-61 | 045 | 0-72 | 048 | 0-98 | 0-89
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TasLe 10. (Legend Sankey diagram Fig. 6.1.) BtuX 10¢/ton
STEEL PRODUCED FOR THE PERIOD START CHARGE TO TAP

60%; hot 40%; hot
metal metal Cold charge
“Q:J};- with “S:J}tl with “é)lltlttl- with
0, O, 0, O, 0, O,
Diagram number 1 2 3 4 5 6
a Air preheat 1-21 | 075 | 135 | 075 | 1-81 | 1:45
b Fuel and steam 2:90 | 219 | 3-37 | 2:35 | 4-89 | 455
¢ Hot metal 046 | 046 | 0-32 | 032 — —
d Bath reactions 146 | 1-50 | 1-18 | 1-22 | 1-37 | 1-54
e Decomposition of ore
and stone 0-50 { 0:38 | 019 | 0:13 | 015 | 015
f Heat in slag 0-:21 | 621 | 020 | 0-:20 | 021 | 0-21
g Heat in steel 1-32 | 1-32 | 1-32 | 1-32 1-32 | 132
h  Steam raised 0:63 | 045 | 072 | 048 | 098 | 089
j  Waste gas leaving boiler| 0-61 | 043 | 0-68 | 046 | 093 | 0-86
k Heat loss from regener-
ator flues and boiler
(by difference) 011 | 013 | 023 | 012 | 0:40 | 022
m Surface losses and radi-
ation 0:84 | 060 | 095 | 063 | 136 | 1-26
n Water cooling losses 034 | 029 | 039 | 030 | 053 | 055
p Losses unaccounted 0-26 | 041 | 0-19 | 029 | 0-38 | 063
q Waste gas leaving fur-
nace 2:56 | 1:76 | 298 | 1-81 | 412 | 342

(Tables 8, 9, and 10, and Fig. 6.1 reproduced from Mayorcas and McGre-
gor, J. Insi. Fuel, 1961, p. 153.)
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6.3. EXAMPLES
EXAMPLE 6.1

Determine the heat balance of a boiler installation, given
the following data:

Coal composition, ash free basis; C, 88-5; H, 47; N, 1-5;
0, 4-6%,. As-used basis: moisture, 13-6; ash, 14-99; gross CV,
10,880 Btu/lb. Fuel fired, 903 Ib/hr. Actual evaporation,
5754 Ib/hr. Steam: pressure, 81 lb/in®> g, final temperature
325°F. Flue gases: temperature leaving boiler, 617°F ; analysis,
COg, 9-82; Oq, 9-489;.

Ashes and clinker, 197 1b/hr; percentage combustibles,
37-6. Grit 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 ft3 at NTP.

[City and Guilds Advanced, Fuel Plant Technology.]

The carbon content of 100 1b of coal is calculated from the
analysis.

88-5
C= '—12—‘ = T7-37 lb'mol,

H, = %—l = 2-35 Ib-mol,

o _ _ amount carbon
% COz = 9-82 = ———E)E—I———XIOO.

Carbon used in as-fired coal

amount X (100—13-6—14-9)
100 )

Total volume dry flue gas

__ amount X0-715X359

3
553 ft3.
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Carbon gasified:

Carbonavailable as-fired = 7-37X0-715 = 5-271b-mol/1001b
coal fed.

Feed/hr = 903 1b.

C .
Carbon available per 9031b = 29%2(75_2_7 = 47-538 Ib-mol.

Carbon in ashes and clinker

197 0-376 X0-885

P (88:59 = C in coal) 1b-mol.

= 5-46 1b-mol.

.. 903X2-88X51-2X0-885
Carbon lost in grit = — 5% 1005100

= 0-982 1b-mol.

Carbon gasified per hour = 47-58 —(5:46 +0:98)
= 41-4 1b-mol.

Volume of dry flue gas = ilﬁ;_(;%@

= 150,400 ft* at NTP.

To this must be added the moisture present as such and
from the combustion of hydrogen.

2 H2+02 = 2 H20
In 100 1b as-fired coal, moisture = 2-:35X0-715 1b-mol.

2-35X 0-715X 359X 903
100

Per hour = - = 5448 ft3.

Moisture present as such per hour = 13-6 1b/100 1b

= ~11§8—6‘ 1b-mol1/100 1b
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_ 13-6X903%359 .

= 2449 ft3 at NTP.
Total volume products of combustion
= 150,400+ 5448+ 2449 13 at NTP.

TaBLE 12. Psr Hour

Heat available Heat in steam Heat losses
= 10,880 903 From steam tables As sensible heat
= 9,824,000 Btu = 1185X% 5754 = 158,297 x0-0205
X (617 - 60)
= 6,819,000 Btu = 1,772,000 Btu

As “unburned coal”
= 197X 0376 10,880
= 806,000 Btu

As “unburned fuel in
grit” = 903 x0-0288

X 0-512x 10,880

= 144,900 Btu

Total loss
= 2,722,900 Btu

Heat input = 9,824,000 Btu.
Heat losses + heat in steam = 9,541,900 Btu.

ExAMPLE 6.2

A furnace hearth of dimensions 2 mX4-5 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 hearth loading of 58 kg/m? of
hearth per hour the gaseous fuel is burned at the rate of
77 m3/h at NTP. The composition of the gaseous fuel is CO,
10; CH,, 24; H,, 50; C,H,, 3%, remainder N,. 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
data:

Mean specific heat of stock = 0-7 kJ/kg °C.

Mean volumetric specific heat of the exhaust gases =
1-34 kJ/m?® °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? 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 = 58X 8X4-5X2 = 4176 kg.
Heat to metal = 4176 <0-7X(920—20) = 2630-7 MJ.
Calorific value of gas = 024 X39-7+0-5X12-84+0-10X
X 12-7+462-2X0-03
= 9:528+4644-0-127+1-866
= 17921 MJ/m?3.

The combustion products from 100 m3 are found:

CH:+20; = CO;+2H,0;
2H,+ 02 = 2H,0; 2C0O+0;3 = 2CO0y;
C2Hy4+ 303 = 2C0O2+2 H,0.

Theoretical oxygen = 48+25+5+9 = 87 m3.

. 87100

volume CO{>< 100.
total volume

= 424 m>.

7 COz =

COy = 6+24410 = 40 m3.
N = 337(T4)+13 = 350 m3.
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Excess air = a m3

40

a = 10 m® at NTP.
Volume of HoO = 6+48+54 = 104 m3.
Total volume of flue gases per 100 m® gas burned
= 390+ 10+ 104 = 504 m3.

Volume products of combustion during 8 h period

504X 77x8

g = 3,
= 100 3105 m

Heat lost = 31051:34X(700—20) = 2830 MJ.

Heat input Heat output
Heat in gas Heat to stock = 2630 MJ
= 17-92<77X8 Heat lost in flue gases
= 11,026 MJ = 2830 MJ
EXAMPLE 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 drop 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 Ib/hr.

Steam pressure 180 1b/in® g.

Rate of flow of furnace gases, 50,000 lb/hr.
Temperature of gases at inlet to boiler, 850°F.
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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/Ib °F.
[City and Guilds Advanced, Fuel Plant Technology.]

Actual evaporation = 4000 1b/hr.

Steam pressure = 180 Ib/in2 g.

Heat in steam = 40001280 = 5,120,000 Btu.

Heat in feed water = 4000X(190—32)x 1 = 632,000 Btu.
Heat in gases = 50,000 0-32 X (850 —460) = 6,240,000 Btu.

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 20-3 1/s of oil when heating cold steel billets to rolling
temperature at a rate of 250 kg/m? 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 MJ were usefully returned from the recuperator
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to the furnace in supplying preheated air to the burners. From
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/l.

[Institution of Metallurgists, Part IV, Furnace Technology;
units changed.]

Assuming that the furnace is in operation for 1 h:
Effective hearth area = 912 = 108 m?2.
Weight of billets heated = 250X 108 = 27,000 kg.
Heat absorbed by charge = 27,000 1050 = 28,350,000 kJ.
Oil consumed = 20-3 1/s.
Oil consumed per h = 20-3X3600x 10-3x 1000<0-95
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)X 694:26 = 8,088,169 kJ.

Heat returned to furnace in preheated air = 3-495X694-26
= 2,426,440 kIJ.
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In 1 hour:
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 kJ 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 = 694:26 X 44-04 = 30,549 MJ.

28,350

Efficiency = ———=X100 = 92%. (Answer (ii).
30,549

Heat saved as a result of recuperation = 2426-4 M1J.
Net CV = 41-24 MJ/kg.
2426-4

2124 = 8ke

Increase in oil consumption =

(Answer (iii).)
Since oil costs 1 new penny per litre then the saving
= 1X10-3x 10*X0-95 == 0-95 new pence/kg oil

0-95x58x 103
= "27000 new pence per tonne

= 2-1 new pence per tonne of metal heated. (Answer(iv).)



HEAT BALANCES 189

BIBLIOGRAPHY

Francis, W., Fuel Technology, a Summarised Manual, Pergamon Press,
1965.

Haves, A. E. J., Applied Thermodynamics, Pergamon Press, 1963.

Hmmus, G. W., The Elements of Fuel Technology, 2nd edn., L. Hill,
1958.

Leckie, A. H. and WaRrING, F. L., Fuel requirements in blast-furnace
operation, J. Inst. Fuel, 1961, p. 414.

LyLg, O., The Efficient Use of Steam, HMSO, 1947.
Mayorcas, R. and McGRreGor, I. H., Fuel and energy required for
steelmaking in open-hearth furnace, J. Inst. Fuel, 1961, p. 153.
SmitH, H. J., and HarRris, J. W., Worked Examples in Engineering Ther-
modynamics, 2nd edn., MacDonald & Co., Ltd., 1963.

Spiers, H. M. (Ed.), Technical Data on Fuel, 6th edn., London, British
World Power Conference, 1962.

THRING, M. W., The Science of Flames and Furnaces, 2nd edn., Chapman
& Hall Ltd., London, 1962.

The Efficient Use of Fuel, 2nd edn., HMSO, 1958.



CHAPTER 7

Furnace Aerodynamics

7.5. 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 Electrical resistance
walls and changes of section
The atmosphere Earth
Furnace flues Electrical circuit
Volume of gases flowing Quantity of electric current
flowing

Pressure inside furnace rela- Potential relative to earth
tive to atmosphere

Aeromotive force generators; Batteries, electric genera-
chimneys, fans, etc. 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 ¥ 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 M(dV'/dX); . = constant for each fluid and is referred
to as the coefficient of viscosity of the fluid.

_ (force)xL
~ (area)(velocity)

A= ML-T-1.

The CGS 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 CGS units is known as
the Stoke. The name Poiseuille (P1) has been given to the SI
unit of dynamic viscosity (Ns/m?). [10~3 Ns/m? = | cPoise
and 106 m?/s = 1 cStoke.]

Stream-line and turbulent flow

Stream-line flow can be defined as the flow of fluid such
that each path 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 at right angles to the direction of flow.

Sir Osborne Reynolds found that the velocity at 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)? X (viscosity)® X (diameter),
L’I‘Al — kxMaL—3a><MbL~—bT—b><Lc,
1LT-1 = kMa—l—ch~b—3aT—b‘

Using the technique of dimensional analysis

at+b =0,
c—-b—3a =1,
b=1.

Thus a=-1, b=1, c¢=-1
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k X viscosity
density X diameter

Thus critical velocity =

_ 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 P 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 u, then the kinetic
energy of the fluid per unit volume = }ou?; if the height is H
above a fixed reference level then the potential energy = goH
per unit volume.

If the viscous forces are negligible, the principle of conser-
vation of energy shows that

P+ ou®+gpH = constant.

Per unit mass

P + ut +gH = constant
o T2 TENT
= PV+4ut+gH (V = specific volume, i.e. the volume
occupied by unit mass = 1/p).

For unit mass of fluid passing from point 1 to point 2 in a
stream-tube then PV +%iul+gH, = P,V +Liu+gH,, where
there is no frictional resistance to flow.

If the frictional resistance to flow is F per unit mass of fluid
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and the work done by the fluid in going from point 1 to point
2 = W/unit mass then:

PV —PYV+yul—yui+gH,—gH,+ W+F = 0.

Flow in a circular pipe
volumetric flow rate
cross-sectional area ~

Average flow velocity =

If the fluid is flowing from point | to point 2 in a system,
then provided there is no loss or gain of fluid between these
two points: M1A191 = uzAQQQ.

For an incompressible fluid o1 = pe.

Thus u141 = usA».

For turbulent flow the velocity at points 1 and 2 is equal
to the average velocity. For stream-line flow the velocity
profile in a circular pipe is parabolic, and u,yerqg. Varies with
distance from the pipe axis.

In order to use the average velocity in the general equation
a correcting factor must be introduced.

2 — 172
uaverage = us.

For incompressible fluids:

2 2
V(Pr—Po)+ (23 22\ | o(Hy— Ha)+ W F = 0.
20{1 20!2

For a compressible fluid (gases) the pressure change cannot

Py
be represented by ¥V (P;—P) but instead the integral V' f dpP
P»

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
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TaBrLe 13. Units

Qu_an- SI CGS FPS FPS Dimensions
tity Engineering

Force | Newton dyn | poundal | pound weight ML T

Energy | Joule erg ft-pdi ft-1b M L2 T2

Pres- Newtons/m?| dyn/ | pdl/ft? Ibf/ft? ML1T?
sure cm?

Power | Watt erg/ | ft-pdl/ ft-Ib/sec M L2 T3

(Joules/sec) sec sec
CGS 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.

1dyn =1 gcm sec™2.

FPS units

The unit of force is the poundal.
1 pdl = 1 1b mass ft sec~2.

British Engineering units

Here the unit 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 1b-wt.

1 slug = 11bf ft—1 sec?.
1 1b-wt = 32-2 pdl.
1 slug = 32-2 Ib 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.

N = kg m/s%.
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The fundamental energy equation per unit weight of fluid is:

Py
A2
u+K dP+AH+—pK+£=O.
2eg g g g

Py

Each of these terms has the dimensions of length (height)
and thus:
Au?

g = velocity head.

g‘ = 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.

For an incompressible fluid, Bernoulli’s equation gives per
unit mass,

u2

2
g=m/s?, V =mdkg, P =N/m?,, H=m, u=mfs.

+PV+gH =0,

This equation is an energy equation because the various
parts reduce to J/kg (specific energy) and m?/s? (kinetic energy).

PV = N/m* m3/kg = N m/kg = J/kg
Hg = m m/s? = (m/s)?

The SI unit of pressure N/m? is very small (1 N/m? = 1:53X
% 104 1b/in?) and it has been suggested that the bar (10° N/m?)
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? be termed Pascal (Pa) and the kPa would be
of appropriate size.

1 kN/m2 = 0:102 m H,O = 102 mm H,O = 7-506 mmHg.

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:

V F

—(P,—Pg)+— = 0.

g g
Therefore

F
(P2”'P1) = 'Vv = th = Apfriction-

Assuming that the fluid is flowing in a horizontal pipe of
constant cross-sectional area and that the frictional resistance
per unit surface area of pipe = f (force/area = ML-1T~2).

Resistance to flow = frictional resistance to flow.

If the pressure drop over a small elemental length d/ = 4P,
then:

APpXar? = fX2XaXrXdl,

APf = ?{ﬂ = 2(L) ﬂgfuz

ou? r
(7 S\ dlou?
4 4( ou? ) d -

For an incompressible fluid, and a horizontal pipe of uni-
form cross-sectional area:

2
AP, = 4(9—{{5) »lQ; (N/m? or pdl/ft? FPS units).
I\ lou? Ib/ft? or kg/m?
AP riction = 4=
frict ( guz) dg (g = 3217 ft sec—2).
APy = 8(—9%5) (Z:g m/ft head lost due to friction.

2
APgiiction = S(Efﬁz) {dQTug 1b/ft2 or kg/m?2.

low?

APricionzf‘t‘ fact
frict riction tactor 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.
4]  ou?

APfriction = F’X7X ’2?

for circular pipe which is another form of Fanning’s equation.
For 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

: =D,,.
wetted perimeter

For a duct of rectangular cross-section aXb,

4ab 2ab

Do = 3axb) = ath

Sometimes the value hydraulic mean diameter is replaced
by the term “hydraulic mean depth”,

cross-sectional area
wetted perimeter

Estimation of pressure drop for practical systems

Stanton and Pannell measured pressure drop due to friction
for various pipes, fluids, and pipe surface conditions. Their
results were expressed by plotting (f/ou?) versus Reynolds
number. The work was extended by many other workers,
notably Moody. He plotted (f/eu?) (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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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)?, viz. (f/ou®)X(Re)?.

This latter expression does not include the velocity term
and hence the Reynolds number can be obtained and the
velocity can be calculated.

CRESRES

)
APfrictiou = 4f’c_1‘

APd
f= al
fitg _ Apd

Thus, T e
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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 additional 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 additional losses can
be taken into consideration.

The velocity head method

APrriciion = 8(5‘7)5 82 (bjret FPS system).

Replacing 2(f/ou?) by friction factor F’, and d by M (Fannings
equation)

APstraight pipe — F'Xﬁ 2—g

= for circular pipes.

In this method, XS, the total number of velocity pressure
heads lost in the pipe system, is evaluated and multiplied by
the velocity head gu?/2g. For a sudden enlargement from one
section to another it can be shown that.S = (1 —(a/A4))*. For a
sudden contraction S = 0-5(1 --(a/A4)). 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 /, to be
added to the value of / in the general equation:

, 2
APgiction = EQA% (kg/m? SI and 1b/ft2 FPS system).

Losses in stream-line flow due to changes in section are
much less important 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:

d(—%)fkg dH+V dP+8F+0W = 0.

With compressible fluids ¥ the specific volume, and hence
0, u, and P 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,

uA
G = MAQ = 7*,
equivalent to
APrriction = - A‘%’”— (N/m? SI and pdl/ft? FPS),
SF ' dlow? (watts or J/s SI; ft-pdl per
~ Mp2  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
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fluid.:
F' dlu?
d( ' )+VdP+gdH+—M2 ~ o,
G\2V F’ div?
(2) oV dP+g dH+ = = 0.
For horizontal pipes:
G F’ dlu?
(A) Vav+V dP+so s = 0.
Over a length of pipe /:
G F'l .
(A) VdV+VdP+~2-A7( ) Ve = 0.

Dividing throughout by ¥2:
2dv dP+F'l 2y
Al

It is only possible to evaluate the integrals for known con-
ditions of flow. In the particular case of isothermal flow:

P, P,
2__
a1 [ pp BB (B P)(Byi Py
V PV, 2PV, 2PV,
Py Py

(By application of the gas laws P,V; = PoVs = PV = RT
= constant,

V =

PV
)

Thus

G\ Vy, Pi—P} FIl (G\* _
(7) loge 7+ 5P, T oar (7\ =0
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If V,, is defined as the average or mean specific volume in
the pipe such that P1Vy = J(P1+P2)V,,

g_ 210 (Py— P1) (P2+Py) G 2_0

A gEV 3PV, 2M a) =
G Vo (Pa—Py) G\
(A) loge 3o+, — +7M(A) =90

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 drop

Fl /G G\?2 Vs
(Pr—Py) = 2M(A)Vm+(7) log, 5% V.

For small pressure drops, that is less than 109, of the total
pressure, the second term can be neglected, and

F'l 1G\2
PI‘P2=W(7) Vm

_F’lu?,,ganm

T

Fhiy,

Pr=Py = 55

Fla,
MV,

Pi—P; =

Flp, 12,
2M

SN e,
Pi—P; = 8( )7 s kg/m? SI (Ib/ft2 FPS 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, although
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

Pressure drop = APz = HX(pa— 0g),

where p, = density of surrounding atmospheric air; p, = 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:

APg = H(p,—p,) = Hp,(1—-SG).
If p is in kg/m® and H in m; APy = kg/m2.
If the density of air at 0°C = 1-3 kg/m?, then

_13x273 13X SG X273
¢ = 34 ta°C° % T 23+ 1,.°C



206 CALCULATIONS IN FURNACE TECHNOLOGY

APy is the static pressure difference for a chimney, and can
be used to determine the height of the chimney (A 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

_of S\ o
arr=$(oz)a 5

—_— /lQu2 2 2
= Mg 1b/ft? or kg/m
, | ou? 9

=F-— ES N/

(Note. The density p and velocity # must be measured at the
mean temperature of the gases flowing in the chimney. F’ is
sometimes referred to as the friction factor, although some
operators prefer to use other values, i.e. F'/2))

Loss due to kinetic energy of the gases

Loss due to kinetic energy
_ 0 e 2
=2 1b/ft? or kg/m

2
= % N/m2.

Thus the reduction in static draught

2
:% (1+F'1/M) 1b/ft2 or kg/m?.
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For circular chimneys /4 has been given the value of 0-05
(Efficient Use of Fuel) and 0-09 (Reber, Technical Data on
Fuel, ed. Spiers). Since 1 in. w.g. = 5:2 Ib/ft2, the effective
draught of a chimney is given by

2
draught in. w.g. — % (1 +0-09 %) /5-2,
where H = height of chimney in feet, and D = chimney
diameter in feet.

(Note. Once again the values of p 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:

_ f\ lov?
APfrlcuon - 8 (gil-z—) (/ﬁg:

_ F'lgu2 9 2
= M—Zg - Ib/ft? or kg/m?2.

Pressure drop due to changes in section, and eddying at bends

oo W
AP = S X_2§ 1b/ft? or kg/m?2.

The values of ¢ and u are in 1b/ft? or kg/m?® 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 at that point plus the pressure
equivalent of the kinetic energy which the fluid would give
up if brought to rest at 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+V dP = 0.

For an incompressible fluid, then this equation may be
integrated directly:

V(Py,—Py) =—gH,

P]“‘P2 = AP = —gyﬂ = gQH pdl/ftz-

For a compressible fluid it is necessary to know the condi-
tions of flow. In the case of isothermal flow, then

P,

Py
Py

VJdP:PlVllogeﬁ: RT

P, = 0%

Py

(for unit mass of gas PV = RT/M; M = molecular weight).
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When the static pressure in a moving fluid has to be measured
it is essential that the measuring device be parallel 1o 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 Py and P, the fluid density gf,
the differential height of the immiscible fluid in the U-tube
h m, and its density g, then if P; is greater than Pg, (P1—Py) =
AP = h(o—or)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 = hpg 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 /m, and the angle
between the inclined limb and the horizontal = 0:

AP = [ cos Opg (p = 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
énergy 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,

By

L+gAH+V J dpP = 0.
2

Py

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):
ut  ul
TLTE — p(Py—Py).
2 2 ( 2 ])

Since the fluid is stationary at section 2, u, = 0.

ui = 2V (P~ P,),

ur = 4/[2V(Py—Py)] = +/(2V 4P),
ur =+/(2Vegh)  (V = 1/p),

u1 = 4/(2gh) m/s,

where £ 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.
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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 part of the
inner tube measures total pressure. The annular part is sealed
off at the head of the instrument, but 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 appropriate 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, but 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:

uj  ui

S =3 = V(Pi—Py).

The mass rates of flow at each section must be identical:
u1A191 = H2A202,
us Ay

1= for an incompressible fluid (g1 = p2).
1
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Ay and A, refer to cross-sectional areas at section 1 and section
2 respectively.

In a venturi meter 4» is the area of the throat. With an
orifice plate meter A4z 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).

ul =2V AP+43,
A2
ui = 2V AP+u3 2—2—

2
1

Vena - contracta

— T

A Ao A,

Fi1G. 7.4,

It 1s difficult to measure A,, and since the value of the orifice
area is known accurately, the ratio 4¢/A4; is also known accu-
rately (Ao = orifice area) and this value is used in the expres-
sion for us. 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.

Thus u,,, = Cp ‘/[T%?/%ﬁ] (Cp = coefficient of dis-
charge).

The ratio (A4,/A4,) is often written as m, and so the equation

becomes:
2V AP
ug,, = Cp ‘/(’lj‘n—ﬁ )
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1
Also, the value ‘/(l—mg) is often referred to as the velo-

city of approach factor and is incorporated into the general

equation as
1
b= V(l_mz)’

Us,, = CpE+/(2V AP),
= CpE+/(2gh)
(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 but 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 pattern. Relevant
constructional details are given in the appropriate British
Standard (1042).

With the venturi meter Cj, 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°. From 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. Cp 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 at low values of u (less than 200 ft/sec
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or 60 m/s). At higher velocities they must be corrected as in
the example below:

Uy = CDE8 '\/(2gh),

where ¢ = compressibility factor.

7.9. EXAMPLES
ExampLE 7.1

Establish the equations used for the calculation of pressure
drop in a furnace flue system in terms of velocity head, buoy-
ancy, and frictional resistance.

A furnace consuming 0-085 1./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 m X 0-75 m, 120 m long, having at the front a sudden
enlargement from a section 0-45 mX0-45 m and, at the other
end, an enlargement to 0-9 mX0-9 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 m3/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 drop in the flue system. Density
air = 1-39 kg/m3 at NTP.

[City and Guilds Advanced, Fuel Plant Technology; units

changed.]

Bend losses = 4-5X9uH
2g
- ou?
Frictional losses = =— .
2g

It

Volume of gases = 11-:35 m®/kg.
Vol./s = 11-35x(0-08525 X 10—3 m3/s)<0-95x 103
= 0-922 m3/s.
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0-922
u at 250°C = 20-5X38 = 3924 m/s.
p at 250°C = 1-39><0-897><§;§3 = 0-65 kg/m?3.

2
Pressure drop for sudden enlargement = (I—A1/A2)2%.

' 0-45X0-45 \2
For entering the system = (1 _0-75—><0-6)

. 0-45\2
For leaving the system = (1 _Wf)
= 0-1936.
Total losses = 1+0-3025+0-1936+4-5 = velocity heads

_ 5-996 X 0:65 X 3:9242
a 2X9-807
AP = 3-074 kg/m?2.

3-074<9-807
= o0 = 0-301 kPa (3-06 mm H,0).

kg/m?;

ExAMPLE 7.2

Give an account of the scientific principles that govern the

flow of hot gases in furnace ducts.

Determine the pressure drop in a flue of dimensions 2 ft

0 in.X 2 ft 6 in., in which are flowing 126,000 Ib/hr of waste

gases having a density of 0-09 1b/ft? at NTP. 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 ft/sec?;
1in. w.g. = 5-2 1b/ft2

[Institution of Metallurgists, Old Regulations, Fuels.]
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R _0-09x492 3
126,000
Mass rate flow = €060 Ib/sec

= 4X2X2:5X0031 (at 932°F).

u ft/sec

306-3 ft/sec at 932°F.

15X 0-02975 X 306-32

Pressure drop = 2% 32-17X52

Pressure drop = 12:7 in. w.g. ([ Answer.)

ExAaMpLE 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 1-3[ 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/m3 and the absolute
viscosity 13-9x 10~% Ns/m?;

(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 = uAp

_uXaXd*Xp

= 1 .

_ 1:31x4  1:31x4
T axXd ~ ax0075°

1-31

udp
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1-31x4
R 1d ber= .- AR
CYRONES MUMBer = 5 0-075 X 0-0139 X 1000
= 1-6 X105, (Answer (i).)
Frictional drop = frictional factorxéx—eg: N/m?2.
. . 2
Frictional drop = 0-015X ISS:Z,I 86X u N/m?
uXmx0:0752x1-86
= 1-31.
4
-31
XT3 160 mys.

b X186 X0-0752

Frictional pressure drop = 0-015X 100X 160° X 1-86
T 0075%x2

= 0-476X 10 N/m?
= 0-476X 103 kN/m2
= 0-476 % 10% kPa

= 476 kPa per 100 m length.
(Answer (i1).)
(1 kPa = 102 mm H»0.)

ExAMPLE 7.4

A gas of density 0-249 kg/m?®, and rate flow 600 m?/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 107% Ns/m?;

(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 )
= 8Xfriction factor X ~—-———— X dynamic pressure;
diameter
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(iii) explain the character of the additional data required if
the main is not straight but has bends and other types of fric-
tional resistances.

[Institution of Metallurgists, Old Regulations, Fuels; units

changed.]

Mass rate flow G = udp.

G 600X 4
"= Uy T axX01Ex3600 0 o0 M/

, _udo  9-88X0-15X0-249
Reynolds number = © T 2113105

= 16,670. (Answer (i).)
8X0-0036 X 1000 p X u?
0-15%x2
— 2338 N/m?
= 2-338 kN/m? = 2-338 kPa.
(Answer (ii).)
(1 kPa = 102 mm H,0.)

Pressure drop =

ExXAMPLE 7.5

Explain the following terms: (a) stream-line fiow, (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 at 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 102 1b-sec/ft%, what is the theoretical
HP required? Specific gravity oil = 0-90, assume friction
factor f = 0-049/Re%2.

[City and Guilds, Advanced, Fuel Engineering.]

The following additional data will be required:

density water = 62-4 1b/ft>; 1 gal water weighs 10 Ib
1 HP = 550 ft-Ib/sec.
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Fundamental energy equation per unit mass fluid

Au?
(Pl—Pz)V+gH+~2——+ 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, Py—Py; = 0. Thus: gH+W+F = 0.

, length Qu2
APfriction = 4F Xm X——2—— .
F _ 0-049 .
ReO-2
Re = ﬂg .
w
2
G mass rate flow = udp = _71514,,?1
4G
“g = Uu dg.
4G udp
mduy

7500 10X 0-9x 4

= = 13,050.
Reynolds number 36005C0-5%X 45 103 1
- 0-049
F' frict - Y7 _ 0007
riction factor (13,0502 0-007
Energy lost per unit mass as a result of friction = —X = F

0-007 X 5280 X3 X4Xu*X o
0-5X2Xp
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Mass rate flow G = udp,

_7500X10X0-9x4
~ 3600X7wx0-52X 624X 0-9

u = 1-7 ft/sec.
Therefore F — A;’F _ 4><0-007>(§‘552>é<3(2)>><<3;><1-72><0
= 1400 ft-pdl.
Therefore — W = 100X 32-2+ 1400 = 4620 ft-pdl,
HP = rate of doing work

= work done per unit mass x
Xmass rate flow = 4620X uAdp
4620 X 17X X0-52X62-4X0-9

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 Ib/min.
Density gases, relative to air = 0-91,

Density air at 32°F and 30 in.Hg = 0-08071 1b/ft3.

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 ft/sec?; 1 in. w.g. = 5-2/ft2

[Institution of Metallurgists, Old Regulations, Fuels.]
p gas = 0-08071<0-91 at NTP.
Static draught = H(p,—p,).

This is reduced by friction and kinetic energy.
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.. 005Hpu?
Loss due to friction = TZg“
0-08071:<492
= e = 3
Oa 30 0-078 1b/ft3.
0-08 0-91 X492
0p = 08071 >7<6 4 X2 _ 0052 Ib/fts.
Static draught = 110 (0-078—0-052) = 2-86 1b/ft2.
2
Reduction in draught = (l +O-05><“0) o
6 | 2¢g
917X 0-052X u?
N 2% 3217
1613
Rate flow = 0 1b/sec
1613
60><n><? X 0-052
= 184 ft/sec.

1-917X0-052 X 1842
X327

— 0-532 1b/ft2.

 2:86—0-53?

Effective draught =53 = 0-45 in. w.g.

Reduction in draught =

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 mm 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/m3.

[City and Guilds Advanced, Gaseous Fuels; units changed.]

UZm = CDE\/(zgh)

E velocity of approach factor = ‘/(#)

1—m?
m= Ag[A;
= 90/450 = 0-2.
E =1-021.

Differential pressure = 46 mm w.g. = 0-046 m w.g.
Owater Xthwater = anngthﬂS .

_ 1:36X288X 1006
Ceas = 33351013

= 1-16 kg/m3 at 60°C.

Pressure gas = 989 mbar+ 17 mbar (180 mm H.0)
= 1006 mbar.

1000 kg/m? at 15°C.

Qwater

hwaterX Owater
Qgas

L U0 _ sy g

hgas =

Uz = 061X 1:021X+/(2X9-807 X 39-6)
= 17-38 m/s.

. 002
Flow rate = 2 X DOXIN0 sy ot 0°C

= 378 m3/h at 989 mbar
+ 180 mm H;O pressure.
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Flow rate at 15°C and 1013 mbar pressure

378X 288X 1006
333x1013

340 m3/h. (Answer.)

]
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CHAPTER 8

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 proportion 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 999% 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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under the same conditions. Iron forms cementite on the surface
if exposed to carbon monoxide at 950°C and is oxidized if
exposed to carbon dioxide at the same temperature. For 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 at the end of the treatment
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 important:

C +C0,=2CO ¢))
2Hy; +0; =2H,0 (2)
2CO +0, =2CO0, 3)
H;O +CO =H,+CO, (4)
2§M+02 :‘)27MXOY (%)
C +0; =CO; (6)
2C +0,; =2CO @)

The thermodynamic relationship

AG® = AH--T-AS. ®)

D : CIFT 16
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is also important for every one of these reactions. For reaction
(5), if 1 mol of oxygen at 1 atm pressure reacts with metal,
then

—AG* = RT log, K, )
: [MxOy]?Y
K for reaction (5) = W

For pure reactants, taking the activity of pure solid reac-
tants and products as unity, K == 1/p Os.

Thus A4G® = RT log, p Os, where p Osis known as the oxygen
potential of the system. (AG® = standard free energy change;
T = absolute temperature; 4S = entropy change; 4H = en-
thalpy change; R = gas constant = 1-98 cal °C~! mol~};
[ ] = mol and pure materials.)

At equilibrium, this is equal to p O, for either the CO/COs,
the Hy/H»0, or the combined systems.

Consider the reaction

o p2 COz
-~ p2CO-p0Oy°
_ p2 COg
Thus pOs = _—K-p2CO'
ey s . AG°
At equilibrium, p Oy = antilog RT

A value of p O, can be calculated for each metal oxidation
reaction, and it can be equated to the corresponding CO/CO4
ratio. It can be seen that the metal will not be oxidized if
p O, for the above reaction at a given temperature is less than
p O, from the metal-oxygen reaction at the same temperature.

The system H,/H>O 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:

COz+ Hy = CO+ H20.

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° for
reaction of 1 mol of oxygen at | atm 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? 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 atm
pressure and it can be seen that all the reactions can be repre-
sented by curves whose negative value of 4G° decreases with
rising temperature. Carbon, when oxidized to carbon monoxide,
occupies a unique position in that with increasing temperature
the negative value of 4G? increases. This is because of the in-
crease in 4S in the general equation: AG® = AH—-T 4S.

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+Oy = CO; there is only a small
change, hence the line is almost horizontal. For the reaction
2C+ 0, =2 CO,, 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

X 2
2 Y M+03 = 0% MOy,

AGY = RT log, p Os.

If p O, is made equal to 109, 10—%, 1072, ... 10—" AG =0,
—2:303RT, —4-606RT, ... —2-303nRT, and can be repre-
sented by a series of straight lines radiating from the origin

1000 /

H20 Ratios for
Hz  equilibrium

800

800

°C

700

600

Temperature

500

400 /
vlefet:lm inolcfive bellow 300I°C

o 02 04 06 08 -0
Ratio of gases in mixture
Fi1G. 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-:303R, —4-606R, and —2-303nR 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 p Os at 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 Hy/H2O and
CO/CO; mixtures with varying temperature on the oxidation
of iron. In addition to their individual effects it is important to
consider the reactions:

CO2+H; = CO+H;0.

| ’ !
!
\ |
000} — i» R s rosmmrea SIS S A
. €O, Ratios for
CO equilibrium
900 p———f— - -F e
80O f—— et e e T e
4
>
49- 700 b -—— 4 - —4
[
o
£
2 600 -
500
400 |-
300
o] 0-2 04 06 o8 1-0 -2 -4

Ratio of gases in mixture

Fic. 8.3. Reduction of iron oxide by carbon monoxide.

(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 treatment 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 quantity of carbon present, the
CO/CO0;/C;, pe System must be examined.

The variations in this case are between carburizing and de-
carburizing and are also shown graphically in Fig. 8.5.

8.3. CARBURIZING OF STEEL (FIG. 8.6)

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 Cy. If the depth of case is X after time 7 then the concen-
tration gradient can be represented by a straight line, and if the
increase in case depth in time d¢ is dX then the amount diffused
per unit surface area of section is given by Fick’s law:

DC, dt
X M

where D is the diffusivity in weight per unit area per unit time.
The amount diffused per unit surface area in time dr will be
the area of triangle EAB = }C, dX.

Thus e C odX = D dt
Thus X2=4D¢t (ifX =0 when ¢ =0).
o C, E
X
A y
dx
B8

Fic. 8.6. Carburizing of steel
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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 ¢. The
carbon concentration at the surface has been reduced to zero.
C: represents the original concentration of carbon (dissolved
and as carbide), and C, the maximum solid solubility of carbon
in solution. It is assumed that carbide dissolves instantaneously
to maintain C, at E, and the diffusion constant is likewise
assumed constant (not strictly true).

Concentratien carbon C, G

o I

E i

]

]

1 t

] 1

| |

X :

|

{

:

P!
| IA D
dX 8 c

Fic. 8.7. Dccarburizing of steel
In time dt carbon transferred from E to O is given by Fick’s
law:
Cs
D 7 dt-
The carbon transferred is given by sum of areas O4B and
ABCD
= 3C2dX+(C1—C3)dX.
C
Thus D 72 dt = 5 CydX+(C1—Cs)dX,

y2_ DCat

= +————tconstant.
Cl_ écz
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If X =0 when =0,
4DC st
2 . TM2A
X 2C,—Cy°

If W == weight loss per unit area of surface,
W= X(C1—3Cb).
Where C; = Cs, i.e. a carbon steel with no free cementite,
X% = 4Dt

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:

CO+H2 == CFG+H20.

This and similar reactions can be controlled by adjustment
of the dewpoint relative to carbon monoxide and hydrogen
content. Carburization ceases when using a CO/H; atmosphere
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
CH, = Cg.+2 H,.

Hydrocarbons are not used neat because they pyrolyse and
form soot at concentrations just above that required to fully
carburize steel. In the absence of catalysts the approximate
decomposition temperatures for hydrocarbon gases are:
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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 CO/H2 mixture.

8.5. EXAMPLES

ExAMPLE 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+0y = 2Cuy0.

From Fig. 8.1, p Oy = 10~? atm at 900°C. At this temperature
CO/COq ratio = 1/10* atm.

EXAMPLE 8.2

Derive an equation relating depth of decarburization X, at
time ¢, for a structure containing C g/cm?® of carbon but whose
maximum solid solubility for carbon at the decarburizing tem-
perature is § g/cm? and § > C. Assume a diffusivity constant
D g/cm?/sec, independent of concentration; 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, Part IV, Applied Metallurgy A.]

The first part of this question has been adequately answered
in the text.

In answering the second part it is necessary to define the
term “decarburization”. 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 quantity 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 at this temperature.
The rate at which carbon dissolves is unlikely to be the rate
determining factor.

ExXAMPLE 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
930°C until the carbon content is raised to 0-6 % at a depth of
0-050 cm below the surface. The carburizing gas holds the sur-
face concentration at 1%, carbon for all times (Fig. 8.8). If D
is approximately 1-:4X 1077 cm? sec™! for all compositions,
and given that the composition half-way between the initial
and ultimate concentrations occurs when X/4/(Df) = 0-954,
calculate (a) the time required at the carburizing temperature of
930°C, (b) the temperature required to get a 0-6 9, carbon at a
depth of 0-10 cm in the same time as 0-6 %, carbon was attained
at a depth of 0-050 cm at 930°C. (Do = 0-25 cm? sec™’,
AH = —34,500 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 ultimate
(maximum theoretical) concentrations occurs when :

X o954,

V(D)
i.e. composition of 0-6 %, carbon occurs at X/4/(Dt) = 0-954.

930°C

h, 2 ts,

1 N D N N Different times

o
[ =4
o
o

® |

1

02 {

0-050¢m |

—— X

FiG. 8.8

Therefore the time required to give 0-6 %, carbon at a distance
0-050 cm is given by:
0-050

VA%~ 094

_ 0050
T 0:954X+/(1-4X1077)

e 0-0502
T 0-9542X 1-4X 107
t = 19,630 sec = 5-45 hr.

Therefore V4

(b) Assume that the expression for the half-way composition
X/+/(Dt) = 0-954 still holds at the higher T’5. The 0-6 % carbon
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concentration now occurs at 0-10 cm in 1-963 X 10* sec.

0-10
Therefore (DX 19635109 = 0-954,

0-10
VD = G 9sa (1963 109

B 10-¢
~ 0:9542X 1-963 X 104

D, = 5599 10"7cm2sec™ 1.

In order to find T, the expression D = Dyexp [~AH/RT]
must be used. This is the general temperature dependence of
the diffusion constant.

AH
Thus log, D = —?T-+loge D,,
AH
logio Dy = —'m‘R—Bﬂ—logw Dy.
However, Dy = 5599 x10-7 cm?sec—1.
34,500

Therefore log (5-599X1077) = fWﬂHOg 0-25,
. . A

34,500

—6-2519 = — 2303 % 1-987 X T2 —0-6021,
34,500
36498 = 5 X 1087 X T "
34,500
Therefore T2 = 5 303% 1987 < 56498 °
Ty = 1337K

1064°C.

il
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Alternatively, if the value of Dy had not been known the
problem could have been solved:

— 34,500

. -7y —
logio (14X107%) = 5353R 1205 T 108 Do
34,500
. . N >
logia (5598 X1077) = -2 +log Dy
~34500 1 1
—68539+62520 = 25mk [TQ@6‘T‘;]
T—1203
— 06019 = —7500 [W]
T=1330K = T
T, = 1057°C,

which is in close approximation to the previously calculated
value.

EXAMPLE 8.4

Producer gas, analysis CO,, 5-2; CO, 25:1; Hs, 12:3; Na,
57-49% by volume at NTP is fed into a furnace at 900°C. If the
total pressure in the furnace is maintained at 1 atm pressure cal-
culate the actual composition of the gas at this temperature
and pressure.

(1) C+ —;—O%) = COy,, A4G® = —28,100—20-20T cal.

(2) Cy+0,, =CO0,,4G* =—94,640—0-05T cal.

(3)  Hy,,+30s,,= HyO(,) 4G® = — 60,180+ 13-93T cal.
(Thermodynamic data from Spiers.)

Hence at 900°C, 1173 K:

AGY,, = —51,795 cal.
AGY, = —94,698 cal.
AGY, = —43,895 cal.
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In addition to reactions I, 2 and 3 listed above, the appro-
priate water—gas equilibrium must also be set up.
CO(gy+H1zO) = COy,,,+ Hyy,y 4
—AGY = 2:303R 1173 loglo KI"
—-722 .
log0 K, = AR --0-1346 for reaction (4)
K, = antilog—0-1346
= antilog 1:8654

K, = 0-7352. (5)
The equilibrium constant for reaction (4) is given by
_ PCOXpHs _ 5359 ©6)

? 7 pCOXpHO
assuming ideal behaviour of the gases.
Nitrogen in the atmosphere undergoes no change and since
the total pressure is 1 atm,
pCO+pCO2+pHs4-pHO = 1-0-574(p Ny) = 0-426 atm. (7)
By the law of conservation of matter, the number of atoms of

carbon, hydrogen, and oxygen must remain the same at all
temperatures and pressures. Since the number of atoms is

directly related to partial pressure of the gases:
C atoms = p CO+p CO, = constant.
H atoms = 2p Hs+2p HsO = constant.
O atoms = p CO+2p CO3+p HoO = constant.
The original gas analysis gives:
p CO = 0:251; C atoms = 0-251 4+ 0-052 = 0-303.
p CO2 = 0:052; O atoms = 0-251 +0-104 = 0-355.
pHy; = 0-123; H atoms = 0-246.
Therefore C atoms = 1-23 H atoms.
C atoms = 1-17 O atoms.
O atoms = 1-44 H atoms.
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It is neécessary 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 = p CO+p CO,
= 1-23 (2p Ha+2p H,0)
p CO+p CO, = 2:46p Hy+2-46p H,0.

If this is substituted in eqn. (7) then
2-46p Ha+2-46p HoO+p Ho+ p H2O = 0-426.
3-46p Ha+ 3-46p H,O = 0-426.
p Hs = 0-123 —p H,0. (8)
1t is necessary to find expressions for p CO and p CO; in
terms of p H»O.
Number of O atoms = p CO+2p COs+p H20.
Number of O atoms = 1-44 (2p Hy+2p H50).
p CO+p COy = 1-88p H,O+2-88p Hy ~p COo.
Substituting in eqgn. (7):
1-88 p HyO+2-88 p Ha+p Ha+p HoO-—-p CO, = 0-426;
2-88 p H:O+3-88 p Hy—p CO» = 0-426;
p CO; = 2:88 p HyO+ 3-88 p H, —0-426.
From eqn. (8), H, = 0-123—p H,0.

Therefore
p COs = 2-88 p HyO+3-88 (0:123 —p H.0)—0-426;
p COz = 0-051 —p H»0. &)

Substituting these values into eqn. (7):
p CO+(0-051p COx—p Hz0)+(0-123p Hy—p H,0)+p HoO
= 0-426;
p CO = 0:252+p H,0. (10)
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(0-051 — p Hy0) (0-123 — p H,0)
(0252+p H0)p H,0  °

Therefore 0-7352 =

0-265p2 H,0 — 0-359p H;0+0-00627 = 0.

This is a simple quadratic equation.

_0-359F 4/[(0-359)2 — 4 X 0-265 0-00627]
- 2% 0-265

p H,O = 0-018 atm.

¥4 Hzo

Thus p CO; = 0-051 -0-018 = 0-033 atm.
pCO = 025240018 = 0-27 atm.
pHs =0123-0-018 = 0-105 atm.

ComPOSITION GAS, PERCENTAGE VOLUME

900°C Original at NTP
N, 574 574
CO 27-0 251
Cco, 33 52
H,0 1-8 00
H, 10-5 12-3
100-0 100-0

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 : CIFT 17
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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, (i) 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 Ib/Ib or 11-4 kg/kg.  (ii) 141-3 ft3/Ib or 8-75 m?/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,, CV 1200 Btu/ft® (44:6 MJ/m?®). 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), CO,, 0-0226 (1-516); H,O, 0-0210
(1-409); N,, 0:0184 (1-245); air, 0-0196 (1:316) Btu/ft® °F (kJ/m?2 °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 109, 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 ft3/lb at NTP or 8-91 m3/kg at NTP.
Excess air = 63%,.

Sensible heat loss = 14-85%; (as % CV fuel).

17% 243
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Analysis flue gases using stoichiometric air: CO,, 15:0%; N,, 74:3%;
H,0, 10:7%.

4. A petroleum oil having a gross CV of 18,250 Btu/Ib (42,450 kJ/kg)
and containing (by weight) 85-4% C, 11-2% H, 2:4% S, and 1-0% O 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 109, 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 109, carbon dioxide.

[Fuel and Combustion Engineering, Swansea College
of Technology.]

Ans. (a) 170 ft3/lb or 10-6 m3/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 9. Specific gravity
oil at 15-5°C = 0-84 (referred to water at 15-5°C). Calorific value oil
= 19,500 Btu/Ib gross; 18,230 Btu/Ib 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/Ib °F. Mean specific
heat of products of combustion = 0-0218 Btu/ft® °F (measured at 32°F
and 30 in.Hg). Total heat losses to storage and to surroundings during
heat = 86'9 therms. Excess air = 259% over theoretical. Duration of
heat = 10 hr.

1 gal water weighs 10 Ib 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, 86-1; H, 11-8; S, 2-1%, and the gross
calorific value of the fuel is 18,900 Btu/Ib (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 11-29; 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® at NTP (1-408 kJ/m?® at NTP).
Mean specific heat of fuel oil = 0-465 Btu/lb °F (1-946 kJ/kg °C).
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1 kXWh = 3413 Btu. 1 Ib = 7000 gr. ppm = mg/l.
[Institution of Metallurgists, Fuels, Old Regulations.]

Ans. (@) 65%. (b) 0-018 kWh/Ib or 0-0475 kWh/kg. (c) 1-16 gr/ft® or
2-87 ppm.

7. A fuel oil containing C, 84-5; H, 10-9; S, 2-39; 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 (CO,+-SO;) 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/1b 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> at NTP (1-408 kJ/m?® at NTP).

[City and Guilds Advanced, Metallurgy, Section J, Fuels.]

Ans. (i) 210 ft3/1b or 10-5 m3/kg. (i) (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: CO,, 11-0%; O,, 8-5%; N,, 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;
0, 4-6; N, 2-2; S, 1-3% is used for firing a furnace.

(a) Determine the theoretical volume of air at NTP rcquired 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 6:19, oxygen as analysed.

[Fuel and Combustion Engineering, Swansea College
of Technology.]
Ans. (a) 133-6 ft3/Ib or 8-95 m?/kg. (b) 40%.

10. A fuel oil with the analysis on weight basis 879 C, 119 H, and
2% O is burned in a furnace and the dry products of combustion contain
3-3% O, on a volume basis. The gross calorific value of the fuel is 19,500
Btu/Ib (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.

Meanspecific heat of flue gases = 0-022 Btu/ft® at NTP (°F) (1-474 kJ /m3
at NTP (°C)).

[Institution of Metallurgists, Part II, specimen question.]

Ans. (a) 170 ft3/1b or 10-6 m?*/kg. (b) 17-6%. (c) 55-4%.

11. 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, 255, 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) 56%.

12. A mixed fuel burner uses 200 ft* of towns gas measured at NTP
together with 1 1b of fuel oil; 159 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 ft3 of
products of combustion and requires 812 ft?® air. The mean specific heats
of the air and gaseous products are respectively 0-0194 and 0-02 Btu/ft3
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.

13. A coke containing, on the dry, ash free basis, 95% C, and when
used 2% moisture and 109 ash, is gasified by means of an air-steam
blast, giving a gas as analysed of the volumetric composition: CO, 25-1;
CO,, 5:2; H,, 12:3; CH,, 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,, 343 (12-76); CH,, 1067 (39-7) Btu/ft?
(MJ/m®) at NTP.

{Institution of Metallurgists, Fuels, Old Regulations.]

Ans. Volume gas per ton 182,000 ft® at NTP.
Volume gas per tonne = 5080 m® at NTP,
Required % = 83%.

It

14. A gas of volumetric percentage composition: CO,, 21-8; CO,
34-7; H,, 394; CH,, 1'7; N,, 0-9; H,S, 1-5; is generated from a fuel
containing as used; C, 54-2; H, 4-1; O, 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® (m3) oxygen, 300 ft® (m®) 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® (m®) 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: CO,, 2; 0,, 1; Ny, 12; CO, 7; H,, 46; CH,, 30; C3H,, 2%
by volume.

Purge gas: H,, 18; CO, 10; CO,, 3; H,O, 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 % 108 ft3 (0-384 > 105 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; O,, 0:4; C,H,,,
6-6; CO, 14-7; H,, 48-9; C,H,, 0-6; CH,, 14-7; N,, 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).
CVsat 30in.Hg and 60°F (1013 mbar and 15°C): CO and H, = 320Btu/ft?
(11-92 MJ/m%); C,H,, = 2300 Btu/ft® (8520 MJ/m?®; C,H, = 1700
Btu/ft3 (63-2 MJ/m?); CH, = 995 Btu/ft® (37-05 MJ/m?).

[City and Guilds Advanced, Liquid Fuels.]

1-2X 105 Btu/gal.
0-28 <105 kJ/1.
67%.

17. Two gases A and B, initially at 66°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 4 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.

Ans. Thermal yield

i

il

Efficiency

Gas A Gas B
(%4 by volume) | (¢; by volume)

Co, 47 220
0, 0-0 0-4
C,.sH, 0-0 2:6
co 410 74
H, 490 540
CH, 08 280
N, 45 62

Net CVs: CO, 318 (11-85); H,, 270 (10-05); CH,, 895 (33-35); C,.;H;,
1600 (59-5); Btu/ft? (MJ/m?) at 60°F and 30 in.Hg (15°C and 1013 mbar).



ADDITIONAL EXAMPLES 249

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
B, 0026 (1-744) Btu/ft? °F (kJ/m? K).

[Fuel and Combustion Engineering, Swansea College
of Technology.]
Ans. 3473°F (1910°C) and 3370°F (1850°C).

18. Coal is fired in a boiler furnace at the rate of 25 lb/hr (12-2 kg/hr)
per ft2 (m?) 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/Ib (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 = 1:73X107% Btu/hr ft? R4
= 5-67X1078 W/m?* K%

[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 ft2 °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 40 lb-cal/hr ft2 °C (22:713 W/m? °C).

If a layer of insulating material 1 in. (254 mm) thick, of thermal
conductivity 0:10 1b-cal/hr ft* °C/ft (0-1731 W/m? °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 1b-cal/hr ft® °C
(18:74 W/m? °C).

[LRIC Fuel and Industrial Chemistry, Swansea College
of Technology.]

Ans. (a) Saving in heat = 358 lb-cal/hr ft? = 2124 W/m?2 (b) Tempera-
ture = 173°C.

20. (a) Derive from first principles the following formula:

1
Us—"7"

Rsl+ Rsz ‘IE‘

where R,; = inside surface resistance; R,; = outside surface resist-
ance; L = thickness material; K = conductivity.

(b) (i) Explain the phenomenon of pattern staining on a ceiling. (i) It is
desired to eliminate pattern staining in a bungalow ceiling comprising
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3/4 in. plaster below 6 X2 in. wood joists. Determine the required thick-
ness of insulation between the joists, given: conductivity of plaster = 4-0
Btu/ft? hr °F; conductivity of wood = 1-0 Btu/ft? hr °F; conductivity
of insulation = 0-25 Btu/ft? hr °F.
[Institution of Heating and Ventilating Engineers, Section B, Prin-
ciples of Heating, Combustion, and Ventilation.]
Ans. (b) (if) 15 in,

21. Develop from first principles, an expression for the radial heat
flow through and from walls of a thick cylinder in terms of r, the inner
radius, and r, the outer radius, 7, the temperature of the inner surface,
T, 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? hr °F/in. (0-346
W/m? °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/ft2 hr (102-5 W/m?).

22. Explain carefully the difference between counter-flow and parallel-
flow operation in heat exchangers.

In a counter-flow heater 6000 ft3/min (2-8 m3/s) of combustion pro-
ducts are used to pre-heat 5000 ft¥/min (2:33 m3/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 ft2 (73 m?).

Mean specific heat of gases, 0-0215 (1-44), of air 0-0197 (1-32) Btu/ft® °F
(kJ/m® °C). All volumes measured at NTP.

[Fuel and Combustion Engineering, Swansea College
of Technology.]

Ans. (a) 752°F (395°C). (b) 12 Btu/ft? hr °F (68 W/m? °C).

23. 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} in. (114-4 mm) of material 4, 9 in. (2288 mm) of material B, and 4% in.
(114-4 mm) of material C.



ADDITIONAL EXAMPLES 251

The respective film coefficients at the hot and cold surfaces are 4-5
(25:54) and 2-5 Btu/ft* hr °F (142 W/m? °C). The respective thermal
conductivities are 10-0 (1-443), 2:0 (0.289), and 0-6 Btu/ft® hr °F/in.
(0-0867 W/m? °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 rim 1-:8°F (1°C).

Calculate the heat flow through the walls of the cylinder if thermal
conductivity & = 128-2 Btu ft® hr °F/ft (222 W/m °C).

[Institution of Metallurgists, Old Regulations, Fuels.]

Ans. (a) 163 Btu/ft? hr (515 W/m?). (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 1010 x(T? -T2 x 4,
where A is the area of the outer surface of the lagging and T, and T, are
the absolute temperatures in degrees Rankine of the outer surface and
the surroundings respectively.

The heat lost by convection is 0-39 X 4 X (¢; —,)*?%, where ¢, °F and
t, °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? 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 T,
is 1200 R (666 K), and the couple indicates a temperature of 1500 R
(833 K) (T). The diameter of the couple junction is 0-0042 ft (0-00126 m)
and its emissivity 0-2.

For flow across wires, the convective heat transfer coefficient can be
found from: Nu = 0-5 Re®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 1074 ft2/sec (0-85x107% m?/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 = 1-71xX107° Btu/ft?> hr R? = 5-67 1078 W/m? K4.)

[Fuel and Combustion Engineering, Swansea College
of Technology.]
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Ans. h, = 274 Btu/ft? hr °F (155-4 W/m? °C).
h, = 341 Btu/ft* hr °F (19:33 W/m? °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 4% in. (114-4 mm) of insu-
lating material having a mean thermal conductivity of 0-08 Btu/ft* hr
°F/ft (0-1384 W/m °C). The internal film coefficient of conductance is
4 Btu/ft? hr °F (22:712 W/m? °C); and the external surface coefficient is
35 (1987 W/m? °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 MJ.
[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 6in. (1524 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* hr °F/in.
(21-8 W/m °C), and the radiation constant is 1-72x107% Btu/ft> hr R4
(5-67x1078 W/m?* K*), 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 = 2-7X107% 0¥3 cal/cm? 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
= 1:37X10~12 cal/cm? sec K4
{Institution of Metallurgists, Old Regulations, Fuels.]

Ans. Loss by convection = 867,440 cal/sec.
Loss by radiation = 4-02 X108 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? s °C/cm.
Density = 7-5 g/cm3.

State any assumptions necessary in the calculation.

\

x erfc x
0-4 0-5716
0-45 0-5245
05 0-4795

[Advanced Diploma, Applied Heat, Swansea College
of Technology.]

Ans. 1080 sec.

30. A rectangular flue I 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
ft3/hr (0-113 m3/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 1b/ft® (1-32 kg/m?) at NTP. 1 HP = 33,000
ft Ib/min. g = 322 ft/sec? (9-81 m/s?); 1 in. w.g. = 5-2 Ib/ft%

[City and Guilds Advanced, Fuel Plant Technology.]

Ans. 0-8 HP (59-6 W). 1-01 in. w.g. (249 N/m? = 25-4 mm H,0).
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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. (762 mm) internal diameter pipe, carrying at a temperature of
100°F (38°C), 2000 gal/hr (2-52 1./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%/sec (0-00002136 m?2/s) (the Fanning equa-
tion in accepted symbols is given as

_ fLew
T M2g
[City and Guilds Advanced, Fuel Plant Technology.]

and f = 16/Re.)

Ans. 36-5 1b/ft? per 100 ft.
5550 N/m? per 100 m.
f = 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).

(¢) 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 = 15 ft/sec (4-675 m/s).
Density gases = 0-082 Ib/ft® (1-312 kg/m?) at NTP.
Frictional coefficient = 0-026.

1 in. w.g. = 5-2 Ib/ft?; 1 kPa = 102 mm H,O.
Gravitational constant = 32-17 ft/sec? = 9-81 m/s%
Ambient temperature = 60°F (15°C).

PDensity air = 0-08071 1b/ft® (1292 kg/m?) at NTP.

[Institution of Metallurgists, Old Regulations, Fuels.]

Ans. (b) 0-5 in. w.g. (441 N/m? = 45 mm water). (c) 0-09 in. w.g. (58-:08N/m*
= 581 mm H,0).

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 1b/ft® (0-55 kg/m?). The
differential pressure across the orifice js 2 in. w.g. (50-8 mm w.g. = 5 kPa).
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(i) Determine the rate of flow in ft® (m3)/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; E, velocity of approach factor
= 1-047.

(i) What additional information is required in order to determine
the number of therms passing per hour? 1 in. w.g. = 5-2 Ib/ft?; g = 32:17
ft/sec? = 9-81 m/s?.

[City and Guilds Advanced, Fuel Plant Technology.]

Ans. 206,700 ft*/hr (5790 m3/h).
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Cooling fin 129

Decarburizing of steel 232
Definitions 4
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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
Equitibrium, water gas 87
Error function 18
Excess air from flue gas 32

Fahrenheit scale 5
Fanning’s equation of low 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

INDEX

compressible fluids 202

frictional resistance to 190

measurement 208

stream-line 191

turbulent 191
Fluid pressure 208
Forced convention 115
Frequency distribution 17
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 14
Grey body 90, 105
Gross calorific vatue 11

Head

friction 195
velocity 195

Heat

balances 170
cxchangers 118
flow
composite walls 122
cooling fin 129
cylinders 123
Fourier’s law 121
sphere 127
latent 8

loss in flue gases 42



INDEX

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

269

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
Pitot tube 211
Planck’s law 99
Poise, c.g.s. unit of viscosity 191
Poiseuille, ST 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, umit 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

INDEX

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



