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PREFACE

With this book, the author has intended to fill the need for a handy
reference guide for cement plant engineers, supervisors, and managers.

This work contains the necessary engineering formulas which represent
the basic tools for gaining a better understanding of cement manufacturing
technology. Mathematical formulas have been purposely kept simple with
a minimum of written text to conserve an engineers time and to make this
book available for use to the widest possible readership.

Little or no mention is made about the result one can expect from any
of the multitude of formulas presented. To do so would not serve a useful
purpose and would defeat the objectives set forth for this book. None of
the results obtained are universally applicable as is true for all manufactur-
ing facilities. The process of manufacturing cement is one of the most dif-
ficult and dynamic processes known. Therefore, it would be a fallacy to
assume that because a certain equipment, design, or method has proven it-
self in some plants that it would be equally successful in another. Nowhere

is this situation more pronounced than in the rotary kiln operation.
" There is no substitute for experience. But, experience combined with a
sound mathematical understanding and knowledge of the process is a goal
every cement plant engineer should strive for. If this book generates
interest and gives the reader more satisfaction on his or her job, its writing
will have been justified. But it is hoped, that it will do more than that.

* * *

Special appreciation is extended to my family for their sacrifices with-
out which this book would not have become a reality. For their under-
standing and patience I'm dedicating this book to

SONJA, DANIELA, AND MARCEL

L * *
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INTRODUCTION

The process of manufacturing cement requires a knowledge of many
sciences such as chemistry, physics, thermodynamics, and physical chemis-
try. It takes years to acquire a fundamental knowledge of the cement
manufacturing process and this learning process tends to be never ending.
There is always something new in this industry: new types of equipment,
new operating techniques, and conditions that require great effort to bring
about change. Failure to accept this as a requirement of the job could lead
to stagnancy instead of progress.

Unfortunately, for anyone that has chosen a career in the cement in-
.dustry, this knowledge cannot be acquired in a classroom or behind a desk.
Instead, to become familiar with the process, one must acquire experience
out in the field. For a manager or engineer this means he periodically has
- to don his overalls and spend time on the fiting floor, the grinding depart-
_ment, the packhouse, and the quality control laboratory. By doing this,
he must not shy away from the possibility that he might retum to the
office in a state more fitting for a chimney cleaner than a member of the
plants management staff.

In the course of 23 years, the author has been working in almost all de-
partments of a cement plant and has been fortunate to gather experience
as an hourly employee as well as a member of the plants management
staff. During these times, a sore back from loading cement sacks on trucks,
clinker dust in nostrils and ears from operating a kiln, inflamed eyes from
cement and kiln dust, a few minor bumns from hot clinker, a lot of sleep-
less nights, call-outs, and 16-hour work days were common occurrences.



It is all part of the learning process,

It is hoped that these remarks do not give the newcomer to the industry
the false impression that all cement plants are terribly dirty places to work
in. They really aren’t, they are just slightly different from other industrial
processes and some time is required to get used to them. There is however a
much more positive aspect to embarking on a career in the cement indus-
try. Making a living in the cement industry, as a manager, engineer, super-
visor, or hourly worker, is a job that seldom becomes monotonous or bor-
ing. This is an interesting technical field to work in and is always full of
the unexpected. [t takes a special kind of individua! who can tackle new
problems head-on. It is a credit to the cement industry that it has so many
individuals that can salvage an apparently hopeless situation and keep, figur-
atively speaking, the train on the track. The author himself has observed
specialists in their own right making a production facility continue to pro-
duce cement when others had given up years ago saying that the particular
equipment was long overdue for the scrap pile. And at other times, work-
ers and supervisors, almost beyond their call of duty, have proven they can
repair a piece of equipment- and get it back on line within a time frame
other industries would consider impossible. These are the unsung heroes
in the cement industry, those who are just doing their job and whose
names usuaily never appear in the trade literature. In part, the author
dedicates this book to these individuals,

There really is no way for a book to teach the uninitiated this kind of a
work experience. There are just too many unknowns and variables that
enter into the decision making process about how to handle a given situa-
tion. It is therefore a fallacy to assume that this book provides an individ-
ual with everything he has to know about the cement manufacturing pro-
cess. The aim of this book, however, is to provide the foundation upon
which an individual can build his experience and technical know-how. The
author has attempted to compile the technical information that is con-
sidered necessary to give the reader a good background of the process.

It is not uncommon to observe an engineer spending four hours in
preparation of a test, one hour for the actual test in the field, two hours
for calculations, and two days in compiling the results and writing the
report. In many chapters of this book, work sheets are provided which an
engineer can copy thus saving him valuable time in this overall endeavor.

Since the majority of the formulas in this book are presented both in
the English and metric systems, the engineer has a tool avaitable that makes
the transition to the new systemn easier for him. The only caution the
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author must give is that the reader should make a habit of ascertaining the

appropriate formula in the correct system of units for his work or project.

Included at the end of this book are extensive conversion tables that

allow the reader to become familiar with all three systems: the English,
_the metric, and the International System of Units.

The author would like to see a college or university that would establish
~ aschool of “Cement Manufacturing Technology” here in the United States.
Such an institution would enable our industry to develop the required
pool of new engineers needed to maintain a progressive technological
growth in the North American industry. It is the authors opinion that
such a school could coniribute a great deal toward making the U.S. cement
industry less dependent upon foreign technology. There are many unique
processes that were invented and developed by the U.S. cement industry.
Perhaps in the future we can again take a leading role in improving and ad-
vancing the technology of making cement. But to do so requires a financial
commitment and a great deal of effort from all of us.

Kurt E. Peray
Dallas, Texas
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PARTI

- CEMENT CHEMISTRY



Chapter 1

QUALITY CONTROL FORMULAS

1.01 Ignition Loss

Ignition loss is usually determined by tests in a Ialboratory furnace. It
can also be calculated from the chemical analysis of the kiln feed by the
following formula:

Ignition loss = 0.44 CaCO, + 0.524 MgCO,

E T + combined H; O + organic matter.

1.02 Silica Ratio

S0,
Aleg + Fe; 0,

Large variations of the silica ratio in the clinker can be an indication of
poor uniformity in the kiln feed or the fired coal. Changes in coating for-
mation in the burning zone, burnability of the clinker, and ring formations
within the kiln can often be traced to changes of the silica ratio in the
_ clinker. As a rule, clinker with a high silica ratio is more difficult to burn
and exhibits poor coating properties. Low silica ratios often lead to ring
formations and low early strength (3-7 days) in the cement.

3
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1.03 Alumina-Iron Ratio

Al O3

AfF=
F3203

Clinker with a high alumina-iron ratio, as a rule, produce cement with
high early strength (1 to 3 days) but makes the reaction between the silica
and calcium oxide in the burning zone more difficult.

1.04 - Lime Saturation Factor

This factor has been used for kiln feed control for many years in Europe
and only recently has also found acceptance by American cement manu-
facturers. When the lime saturation factor approaches unity, the clinker is
difficult to burn and often shows excessive high free lime contents. A clin-
ker, showing a lime saturation factor of 0.97 or higher approaches the
threshold of being “overlimed” wherein the free lime content could re-

‘main at high levels regardless of how much more fuel the kiln operator is
feeding to the kiln.

If A/F = > 0.64
Ca0
LSF=
2.8 Slo: +1.65 Alzo;; +0.35 Fe203
IfA/F = < 0.64
LSF Ca0

" 2.8 80, + 1.1 Al,O, + 0.7 Fe;0,

1.05 Hydraulic Ratio

This index is very seldom used any more in modern cement technology
for kiln feed control.

Ca0

HR =
SiOg + M;Og + F8203
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1.06 Percent Liquid

Clinker, when burned at a temperature of 2642°F., ﬁas the following
liquid content:

Percent liguid = 1.13 C3A + 1.35 C4AF + MgO + Alkalies

1.07 Burnability Index -

This is an indicator of the ease of burning for a given clinker. The
higher the index number, the harder the clinker is to burn.

S
C4AF + C3A

1.08 Burnability Factor

The bumability factor is used as a guideline for the kiln operator to
show if a given clinker is easier or harder to burn. Higher burnability
factors yield a clinker that is harder to burn. Conversely, lower factors
make the clinker easier to burn. :

BF=LSF+ 10 SR -3 (MgO + Alkalies) _

. (find LSF in 1.04 and SR in 1.02))

1.09 Bogue Formulas for Clinker and Cement Constituents

For a cement chemist, these formulas are the most important and fre-
quently used indicators of the chemical properties of a cement or clinker.
The constituents calculated by these formulas, however, are only the po-
tential compositions when the clinker has been bumed and cooled at given
conditions. Changes in cooling rate or burning temperature can modify
the true constituent composition to a considerable extent.
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a} Bogue Formulas for Cement Constituents

If 4/F = >0.64
CsS = 4.071Ca0 — (7.6028i0, + 6.718A1,0; + 1.43Fe,0;
+ 2.85250,)

C.S = 286780, — 0.7544C,S
CsA = 2.65A1,0; - 1.692Fe,0;
CaAF = 3.043Fe,0,
If AJF = <0.64

o C3S = 4.071Ca0 — (7.6028i0, + 4.479 AL, 0,

+ 2.859Fe,0; +2.85280;)

]

C,;S = 2.8678i0; = 0.7544C;58

C3A=0

ss(C4AF + C;F) = 2.1A1,0; +1.702F¢,0;

b) Bogue Formulas for Clinker Constituents

When appreciable amounts of $SO; and Mn,0; are present in the clin-
ker, the values of the chemical analysis have to be recalculated to take into
account the amount of CaO that has been combined with SO, the amount
of free lime present and the Mn, Q5.

The values to be used in the Bogue formulas are:

Feg 03 = F8203 & Mﬂan
Ca0 =CaO ~ free Ca0 — (Ca0 combined with SO5)

To find the amount of Ca0 that is combined with SO; as CaSO, pro-
ceed as follows:
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Step 1 If (K,0/S03) = < 1.176 then not all of the SO is combined
with K,0 as K50,

S03 in Kzo =0.85 Kgo

Step 2 Calculate SO, residﬁe
S0; — 50, {in K;0) = S0, (remaining)

If [Na;0/S0; (remain.)] = < 0.774 then not all of the remaining 8O; is
combined with Nas O as Na,S0,.

SO, in Nay0 = 1.292 Na, 0

Step 3 Calculate the amount of CaQ that has combined with the SO3
as CaS0y

Ca0 (in 80;) = 0.7 [SO; — S0, (in K, 0) — 80O, (in Na,0}f

Having determined the appropriate values for the Ca0 and Fe,0;, one
can then proceed to calculating the potential clinker constituents by using
the previously given Bogue formulas. When the Bogue formulas are used
for kiln feed compositions, keep in mind that the coal ash addition, dust
losses, and alkali cycles can alter the final composition of the clinker. Also
use the analysis on a “loss free” basis in the calculations of the constitu-

ents.

1.10 Total Carbonates

Total carbonates are usually determined analytically by the acid-alkali
titration method. They can also be calculated from the raw (unignited)
analysis as follows:

TC=1.784 Ca0 + 2.09 MgO
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1.11 Total Alkalies as Na20

The total alkali content in terms of sodium oxide is calculated from the
loss free analysis:

Total as Na,O = Na, 0 + 0.658 K,0

1.12 Conversion of Raw Analysis to Loss Free Basis

0?
0,= 100
100 - L

where
0, = percent of oxide (by weight) on a raw basis

O, = percent of oxide (by weight) on loss free basis
L = percent loss on ignition (by weight)

1.13 Conversion of Kiln Dust Weight to Kiln Feed Weight

Dust collected in a precipitator or baghouse of 4 kiln shows a different
loss on ignition than the kiln feed because it has been partially calcined.
For inventory control purposes and in some kiln operating studies it is
often necessary to express the weight of dust in terms of equivalent feed
weight.

(wd)(l —Ld)
We g
1 —Lf

where
w, = weight of dust in terms of feed

w,= actual weight of dust
L , = percent ignition loss, dust (decimal)
L ¢ = percent ignition loss, kiln feed (decimal)
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1.14 Calculation of Total Carbonates from Acid-Alkali Titration

This method is only applicable when the MgO content of the sample is
known. Values from the raw (unignited) basis are used for the calculation.

CaCO; = 1.66791 (z — 1.48863 Mg0)
MgCO; = 2.098 MgO

TC  =MgCO, +CaCO;

Ca0  =0.93453 (a — 1.48863MgO)

@ = apparent total lime content from titration

1.15 Percent Calcination
Kiln feed or dust samples taken at any location of the kiln are often

investigated for the apparent degree of calcination the sample has under-
gone.

(f: -d)

i

C= 100

where
C = apparent percent calcination of the sample

£, = ignition loss of the original feed
d, = ignition loss of the sample
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PROBLEMS AND SOLUTIONS

Problems and examples shown in this chapter and all subsequent chap-
ters are arranged in the same sequence as the formulas are presented in the
chapter.

1.01

1.02

1.03

1.04

A kilnfeed mix contains 78.5 percent CaCO,, 1.2 percent MgCO,
and an estimated 0.4 percent combined H,O and organic matter.
What is the ignition loss on this mix?

Ignition loss = (0.44 X 78.5) + (0.524 X 1.2) + 0.4 = 35.6 percent
(ans.)

1t is desired that a given kiln feed shows a silica ratio of 2.75. What
must the Al,O; content be if the Fe,0, remains constant at 2.95
and the Si0; at 22.457

© 2245 -(295X 275
Al;05 = (2 > )-‘- 5.21 percent (ans.)

The Al/Fe ratio is desired to be 1.80 and the Fe, 05 istobe 2.75 in
a given mix. What must the Al,O; content be?

Al;0; = 1.8 X 2.75 = 4,95 percent (ans.)

Given a clinker of the following composition:

Ca0 SiO; A1203 Fe,Oa
66.75 2215 596 293

What is the lime saturation factor?
First

—="""=903 ie.,>0.64
€
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66.75

128 @215)] + [L65)(596)] + [(035)(293)] A

(ans.)

LSF

1.05 What is the hydraulic ratio for the clinker example given in 1.04?

66.75
HR =
22.15+596+293

=215 (ans.)

1.06 Given a clinker of the following characteristics:

C,AF MgO alkalies
897 215 065

What must the C;A content be to obtain 25.5 percent liquid in the
clinker?

25.5-12.11-2.15-0.65
CiA= 13 =937 (ans.)

1.07 What is the bunliability index for a clinker that shows 61.5 percent
C.8S, 8.8 percent C4AF, and 9.8 percent C3A?

61.5
BI =
88+9.8

= 331 (ans)

1.08 What is the burnability factor for a clinker of the following charac-
teristics:

LSF =920, SR =275, MgO+ak. = 3.5
BF = 92.0+ [(10)2.75)] - [(3)(3.15)] = 110.1 (anms.)
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1.09 Given a clinker of the following composition:

Si Al Fe Ca0 N_L‘_(.) Mn203 803 Kzo
2184 515 2.65 66.85 085 012 12 06

Na,O free Ca0
0.15 0.5

What values for the basic oxides have to be used when calculating

the compound composition by the Bogue formula?
a) ForFe;0;

F0203 =265+0.12 = 2.77 (ans.)

b) For CaO
K;0 .
= 0.5, 80;inK,0 = (0.85)0.60) = 0.51
S0,
S0, remaining = 1.2-0.51 = 0.69
Na:O 0.15
= —— = 0.217
80; ., 069

80; in Na,0 = (1.292)0.15) = 0.194
Ca0inSO; = 0.7 (1.2 ~0.51 -0.194) = 0.347
Ca0 = 66.85-0.5-0.347 = 66.00 (ans.)

Hence, the oxide contents to be used are

: Ca0 Sio-z A1303 F8203
66.00 21.84 515 277

1.10 Tt is desired that a mix contain 79.8 percent total carbonates. What
must the CaOQ content be if the MgO is a constant 1.3 percenton a

raw basis?



1.11

1.12

113

1.14

LIS
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_79.8-2.72
1.784

Ca0 = 43.21 percent {ans.)

What is the maximum permissible K,0 content in the clinker if the
Na, O content is 0.18 percent and the total number of alkalies is not
allowed to exceed 0.63 percent?

0.63-0.18
=——— = (68 .
K;0 0658 {ans.)

In exampie 1.10, whét is the CaO content, loss free, when the loss
on ignition is 35.7 percent on this mix?

43.21

Cao(loss free) = m 100 = 67.20 percent {ans.)

A kiln is wasting 5850 1b of dust per hour. The loss on ignition of
the dust is 19.5 percent and 35.8 percent on the kiln feed. What
weight of kiln feed is wasted on this kiln per hour?

_ 5850(1 - 0.195)

w = 733530 ans.
e ~1-0.358 i ans)

What is the total carbonate content on a sample that shows CaQ =
47.0 percent and MgO = 0.84 percent on a raw basis?

TC = 1.66791 [47.0 — (1.48863)(0.84) + (2.098)(0.84)]
= 79.25 percent (ans.)

To what percent is the kiln dust in example 1.13 above calcined?

358-195
Percent calcination = T 100 = 45.5 percent (ans.)



Chapter 2

KILN FEED MIX CALCULATIONS

2,01 CaCOy Required to Obtain a Given C, S in the Clinker

This formula should only be used as a quick reference in times when no
other analytical methods, other than the titration method, is available.

CaC0, required = CaCO, (e ed)-1-0.0806 (4-a)

where

A = desired C3S in clinker
a = existing C;8 in clinker

2.02 Two-Component Mix Calculations

a) To obtain a constant total carbonate content
This method can only be used when the MgCO; content in the two
components is constant,
_xC+(100-x) G,
100

rc

where

x = material A needed (percent by weight)

14
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100 - x = material B needed (percent by weight)
C, = TC in material A (percent by weight)

C, = TC in material B (percent by weight)
TC = desired total carbonates

b} Percent of each component needed for a desired CaCO4

Use this formula only when the MgCO; content in the two components
is constant.
Cr — C.
w = —L—2100
Cl - Cf
where

w = weight of material A needed for each 100 unit weights of
material B
CJ_= CaCO; desired in mix

C, = CaCQ, in material A
C, = CaC0; in material B

¢) To obtain a constant C35/C,S ratio
Insert the values found from the raw material analysis (on the raw basis)

limestone clay
8i0, S, S,
Al O34 Ay Ag
Fe, 0O, F, Fa
Ca0 ) Cy C2
MgO M, M,
Loss L1 Lg

For limestone

x = C; +1.4M, —(2.35; + 1.7A, +F))



16 CEMENT MANUFACTURER’S HANDBOOK

For clay
y = 2.382 + 1.7A2 + Fg '-'(Cg + 1.4M2)

The number of parts (P) limestone required for 100 parts of clay will
be:

100
p=—2

X

The percent (by weight) of the mix is therefore

100
100+P

Percent clay =

P
Percent limestone = 100
100+ P

d) Formulas for mix corrections

Limestone added to a cement rock to correct mix.

Y= 4 , (M- F)(100 + 4)

L-M
where
M = percent CaCO; desired in mix
F = percent CaCO; found in mix (before correction)
A = percent limestone already added
L = percent CaCQ, in limestone
X = correcied percent limestone needed to obtain M.

Clay added to a limestone to correct mix.

_ g M -0 +B)
-0 F-C
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where
M = percent CaO or CaCQ; desired in the mix
F = percent Ca0 or CaCQ; found in mix
B = percent clay already added
C = percent CaO or CaCO, in clay-
X = percent clay needed to obtain M

2,03 Three Component Mix Calculation

a) To obtain a desired LSF and SR

Analysis on Raw Basis
Material I ' Material I Material IIT
Si0, St 55w P 83 .....
A1203 Al ..... Az ----- A3 .....
F3203 F] ..... Fz ..... By o
Ca0 Cl ..... C2 ..... C3 .....
Desired LSF: KS, = .....

Desired S/R: SM = .....

a; = [(28KS.)(S,)+ 1.65A, +035F )] -C, =  .....
by = (2.8KS5,)(S;) +1.65A; +0.35F,)-C, = ...,
¢ = C; -(2.81('5,c +165A;+035Fy) = ...,
a; = SM(A, tF;) -5 = ...
by = SM(A,+F;)-5, = s
€3 = 8; ~SM(A; +F;) = ...

]



18 CEMENT MANUFACTURER’S HANDBOOK

—Ca2b
=f.‘_é?__c’._’= Parts of Material I
ayby —ayby
a0y —a,C
y = =21 L. Parts of Material 1I
d’lbz —azb;
1.0 .
Py Parts of Material I1I
u = Sum Total of all Parts = ,....
z = 100/u ™ aeen
Percent of Material I xz S oo percent

Percent of Material Il yz ... percent
Percent of Material III  1.000z ..... percent

Total 100 percent

b) To obtain a desired SR and HR

Let the following represent the analysis of the three raw materials (on a
raw basis)

Comp. 1 Comp. 2 Comp. 3
§i0, S, Sz S3
Al; O3 + Fe, 04 0O, Oy 05
C3C03 + MgCO; L} Lz L3
Let
Si0,

r = silica ratio desired = ———————
A1203 + Feg();

Ca0
Si0; + Fe, 04 + Al,O4

R = hydraulic ratio desired =
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b

c = r03—83

d =L (8, +tO)R
=S, +C:)R-L,

f =63+0;)R-L,

The proportions of the components is thus

Comp.1 Comp.2 Comp.3
ec—-bf ea-bd cd-fa

Or if Comp,. 1 = 100, then

comp.2= =5y 100
omp. 2 =
P ec = bf
_fa
Comp.3= X 100
ec = bf

¢) To obtain a given Cas and C1A content

1) Analysis of components (Raw Basis)

L
s .,
ALO;, L.
F3203 .....
Ca0 P
Total v s

2} Desired compound composition

Whatever targets are set, make sure to make:

19
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C,S + C3A +(C,S + C4AF) + (MgO + alkalies + loss) = 100

CsiS = x‘ B e
CsA =y, = ...
C,S+C,AF = Z, = ...

3) Theoretical compound composition for each component

To be calculated from the raw analysis data. Also make sure to use the
proper sign (+ or =).

L c I
(7% : X1 = essne X3= en-es X3T esaes
CgA . P17 eonnn Y2 = s V3= -
CaS + C4AF ¢ ZET caaes 22 connn Z3= .-

Total T aiwas viana aweam

Note: Proceed with the calculations only when the sum total of the com-
pounds corresponds to the total of the oxides, i.e., for L: total oxides =
X3ty t2y,etc,

4) Calculations, auxiliary matrix

a = x3fx, = e
b = x3/x, = .....
¢ = x/x = i
d = y; -4 B e
e = z,-2a -
f = (a—nb)d B .
g = (y,—ylc)/d = ...,
h =z3-2,b—ef _J—
1 = (z,—zic—eg)h = ..

5) Weight of each component needed per unit weight of clinker

Either English or metric weight units can be used, i.e., the results can be
expressed in Ib/lb, ton/ton, or kg/kg of clinker. Results obtained must all
be positive numbers. If any of the results are negative, the desired mix can-
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not be obtained with the given raw materials. Either the targets have to be
changed or other suitable raw materials must be selected.

forf = | - O—
forC= g-fi = pwmenes
forL= e—-aC-bi R

Total = W, = weight of mix/wt.clinker = ......... o wEr

6) Final Mix proportions

forl = IfW, L T
for C = C/W, = e
forL = L/W, = .

(Results are expressed as percent in form of decimals)

2.04 Four-Component Mix Calculation

a} Analysis of components (raw basis)

L c I s
3T Y iawws
ALOy wewms 0 swmes 0 33iha
F8203 L B O I S

0

b) Desired clinker composition

(assume sum of MgO, total alkalies and ign. loss = 2 percent)

CisS = x,
CS =y, = .....
CiA =2, = .....
CiAF= w, = ,....
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¢) Theoretical compound composition for each component

(to be calculated from raw analysis data, make sure to use the proper sign)

L C I hY
Ci8 : Xy = o e X5 = e v e Xy = g oiaw X e a
C3S P = s v 0L Y3 = tiens Pa Fhoaw e
CaA Z] T saenn Za = v e 29 = eiere ane Za = iiaan
C4AF: Wi= couns w3 = ..., Wi = L.iuan W=, ....

d) Raw material costs

(Insert here the total costs per ton, for each raw material. These costs
will later be used to determine the cost of the calculated mix)

#pon: ... aeees e

Nate: The sum total of the oxides of each raw material must equal the sum
total of the compounds of that material.

e} Calculation, auxiligry matrix

a = X3/x% = e
b = x3/x; B oyuuus
¢ = Xafxy = ..,

d = x,/x =
e = yy =14 = S,
[ = z-2:a ; £ avean
g = wy—wia S e «
h = (y3 =yi1b)e £ i
i = (ya =y10)e = i
j = e=nde = e
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k =zy=bz, -fh A
I = wy—bw, ~gh =
m= (z4 —zy¢ =k = ssenw
no= (z;-zd-fik R
0 = Wy —wye—gi —Im = sunsg
P = (w,—wid-gi~In)jo = e iwea

Note: Make sure to indicate the proper sign in the results,

[} Weight of each component required per unit weight of clinker

Either English or metric weight units can be used, i.e., the result can be
expressed in terms of Ib/lb clinker, ton/ton or kg/kg clinker. Results ob-
tained must all be positive numbers,

forS§=p =
forf = n—mp =
for C= j~pi-ip =
forl = d=aC—-bl-cp = oy

Total = W, = weight of mix/unit weight clinker. . ... .~ . ..... . .

g/ Final mix proportions

for § = S§/W, Siiiaua percent
forl = 1w, =, ..., percent
forC= C/W, ; =i 4 4§ percent
forL = L/W, R i @ % percent

Note: All results are expressed in terms of a decimal.

h) Cost of the mix

The cost of the mix per unit weight of clinker can be calculated as
follows:
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#/unit weight clinker = [(percent SY(S,)] + [(percent I)(Z,)]
+ [(percent O(C N + [(percent LY(L,)] = ... ..

2.05 Determination of Chemical Composition

When certain properties are required in a mix, a preliminary investiga-
tion of the needed chemical composition can be made by the following
trial and error method. This method is only applicable when Al,03/Fe,05
= >0.64.

Desired:
a = SO; +MgO + Alkalies = e percent
b = Fe,0, L R—— percent
¢ = C3A = e percent
d = SR (silica ratio) = e percent
e = C38 E 2y s percent
Stepl x; = 100-a I —
Step 2 Al,O; = (¢ + 1.6925)/2.65 =,

Step3 Si10, = d(Al,0, + b) R —

Step4 Ca0 = 0.24564(e + 7.68i0, + 6.718 Al,0,
+...+143p+285280;) = .....

1

Step§ x = Ca0 + Al,0, + ) + 8i0, ' = ag e

Step 6
x must equal x, + 0.2 percent to make the calculated chemical com-
position acceptable.
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PROBLEMS AND SOLUTIONS

2.01 Given a clinker of 68.5 percent C,S and a kilnfeed of 81.3 percent
CaCO;. What must the approximate CaCQ; content be in the kiln
feed to obtain a clinker of 61 percent C357?

CaCO,; = £1.3+0.0806 (61.0 — 68.5) = 80.70 percent {ans.)

2.02 (a) Given a limestone of TC = 89.8 and a clay of TC = 21.0. What
percentage of each is needed to make a mix that contains 79.6 per-
cent total carbonates?

_ 89.8x + (100 —x)21.0
100

79.6

68.8x
X

5860
83.17

Hence, the mix must contain 85.17 percent limestone and 100 - 85.17
= 14,83 percent clay. (gns.)

2.02 (b) How many kilograms of limestone are needed for every 100 kg of
clay in the example given in 2.02 (a) ?

PO=210, 00 = 574.5 kg limest )
P —— = ; imeston i
89.8 —79.6 8 -
2.02 (c¢) Given:
: Raw Basis
Slo; A1203 Fe:03 CaO MgO
limestone 1.06 0.68 043 55.32 1.03

clay 50.10 18.60 21.80 210 0.01
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What must the ratio be between these two raw materials in the mix?

x = 5532+ [(1.4)(1.03)] - [(23)(1.06)] + [(1.7)(0.68)]
+043 = 52,738

y = [(23)(50.1)] + [(1.7)(18.6)] +21.8 — 2.1 + [(1.4)(0.01)]
= 166.536

Thus the required ratio is

166.536
52.738

= 3,16:1 (ens)

2.02(d) A kilnfeed tank contains 58 percent limestone and shows a
CaCO, content of 78.4 percent. What percent limestone must the
tank contain to obtain a final CaCO; content of 79.3 percent? The
limestone used to make this correction shows 91 4 percent CaCOs.

793 - 78.4)(100 + 58
+ ( X ) = 69,75 percent  (ans.)

x =
914-793
2.03 (a) Given:
Raw Basis
Material I Material IT Material IIT
Si0, 1.06 68.18 9.98
Al, O3 0.68 11.94 1.66
Fe,0; 0.43 2.68 83.48

Ca0 56.32 4.20 0.87

What percentage of each is needed to obtain a lime saturation factor
of 0.935 and a silica ratio of 2.75 in the mix?

a, = =52272 a; = 19925
by= 194934 by= =27975
;= =33.705 ¢y ==224.155
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for Material I, x = 4157

for Material II, y = 10.97

for Material ITI, =_1.00
Total = 53,54

100
z = —— = 1.8678

53.54
percent of Material I =41.57z = 77.64 (ans.)
percent of Material II =10.97z = 2049 (ans.)
percent of Material III = z = 187 f(ams.)
Total = 100.0

2.03 (¢) Given the same three materials as in example 2.03 (a), determine
the percentage of each needed to obtain C,S = 62 percent, C;A =
7.72 percent, and the sum C,S + C,AF = 28.28 percent.

L1} cyirn) Fi1i] Target

CaS xy = 21604 x;=-58525 x;=-202.85 x4=62.0
CsA y;= 107 yp= 2711 yp;=-13685 y,= 1.72
CsS+C4AF z; =—15863 25 = 645.14 13 = 43567 z,=28.28
. Total 58.48 87.00 95.97 98.00
a=-2.7090 d= 30.0086 £= 0.2470
b=-0.9389 e=2154113 h= 1261.8777
c= 0.2870 f=-45269 i= 0.01633
I = 001633 = 0.01633
C = 0.2470 - [(4.5269)(0.01633)] = 0.32092

L = 0.287 - [(-2.709){0.32092)] - [(-0.9389)(0.01633)]

' = 1.17170

Total mix = 1.5090
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Proportions:

_ 001633
1.5090

=0.0108 1.08 percent  (ans.)

032092
"~ 1.5090

=0.2127 21.27 percent  (ans.)

11717
1.5090

=0.7765 = 77.65 percent (ans.)

Double check:

€55 = [(1.1717)(216.04)] + [(0.32092)(~585.25)]

+ [(0.01633)(~202.85)] = 62.00
CaA = [(1.1717)(1.07)] + [(0.32092)(27.11)]
+ [(0.01633)(~136.85)] = 7.72

C,S+ C,AF = [(1.1717)(-158.63)] + [(0.32092)(645.14)]
+ [(0.01633)(435.67)] = 28.29

2.04 Given the four raw materials below, calculate the percentage of each
needed to obtain a mix of 60.5 percent C,S, 19.3 percent C,S, 10.3
percent C3A, and 8.6 percent C,AF.

a) Analysis (Raw basis)
L C I hy

$i0, 7.64 68.15 50.21 4891
Al, O, 049 13.68 35.95 - 2143
Fe, 03 0.34 3.93 1.36 24.19
Ca0Q 51.85 1.91 2.04 5.34

Total 60.32 87.67 89.56 99.87
b) Targets:

x,=60.5 y,=193 z,=10.3 w,=8.6
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¢} Compounds: .
L C I hy

C38 xy = 14922 Xy =—0607.82 x3 =—616.85 x; = -528.63

C.S8 y1=-9067 y; = 65393 y3= 60930 ys = 539.02

C3A z;y = 0.72 Zy = 2960 z3 = 9297 z4, = 15.86

C4sAF w;= 1.03 wa= 1196 wy= 414 wg= 7361
Total 60.3 87.67 89.56 99 86
a=-4.0733 e =284 6039 i = 0.7653 m =-0.0938
bh=-41338 f= 325328 i = 01970 n = 00521
c=-3.5426 g= 16.1555 k=69.1426 0 =644343
d= 04054 h= 08239 [ =-49127 r = 0.08157
8= ={(.08157
T =0.0521 - [(=0.0938)(0.08157)] =0.05975

C=0.197 - [(0.8239)(0.05975)] — {(0.7653)(0.08157)] = 0.08535
L =0.4054 — [(—4.0733)(0.08535)] — [(~4.1338)(0.05975)]

— [(-3.5426)(0.08157)] = 1.28902

Total =151569

0.08157
Percent S = =0.0538 = 5.38 percent (ans.)
1.51569
0.05975
_Percentf = =0.03942 = 394 percent (ans.)
1.51569
0.08535
Percent C = = 0.05631 = 5.63 percent (ans.)
1.51569
1.28902
Percent L = =(0.8505 =

85.05 percent (ans.
1.51569 _ . (ms)
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Double check:

C,S = [(1.28902)(149.22)] + [(0.08535)(-607.82)]
+ [(0.05975)(~616.85)] + [(0.08157)(~528.63)] = 60.49

(The other compounds, likewise, should be double checked in the same
manner.)

2.05 Akilnfeed mix is desired that shows the following characteristics:
Fe,05:295, C3A:11.85, C38:530 S/R:240

What is the chemical composition of this mix if the sum total of the
auxiliary oxides (MgQ, 803, and alkalies) is expected to be 2.0 per-

cent?
Solution:
b = 100-~2.0=980.
11.85 + [1.692(2.95)]
Al, Oy = = 6.36
2.65
Si0, = 240(6.36+295) = 2234
Ca0 = 024564 {53 0 + [7.6(2234)] + [6.718(6 36)]
+[143(299)] ) = 66.26
X = 66.26+2234+636+295 = 9791

The sumn total of the primary oxides is 97.91 and x, has been found
earlier to be 98.0. Therefore, this composition is acceptable since
the two agree closely with each other.



Chapter 3

KILN FEED SLURRY

3.01 Specific Gravity and Pulp Density of Slurries

a) English units
Table based on specific gravity = 2.7 for dry feed.

Percent sturry Sp. gr. Pulp density tb dry solids
moisture sturry 1b/ft? per 1t?
16 2123 132.48 111.18
17 2,095 130,73 108.51
18 2,067 128.98 105.76
19 2,041 127.36 103.16
20 2018 125.74 100.59
21 1.9%0 12418 98.10
22 1.965 122.62 95.64
23 1.941 121.12 93.26
24 1.917 119.562 90.91
25 1,895 118.22 88.67
26 1.872 116.81 B6.44
27 1.851 115.47 84.29
28 1.829 114.13 82.17
29 1.809 112.88 80.14
30 1.788 111.57 78.10
31 1.769 110.39 76.17
32 1.749 109.14 74,22
33 1.730 107.95 72.33
34 1.71t 106.77 T0.47
35 ’ 1.693 105.64 68.67
36 1.675 104.52 56.89
37 1.658 103.46 65.18
38 1.640 102,34 63.45
39 1.624 101.34 61.82
40 1.607 100.28 60.17
41 1.591 99.28 58.58
42 1.575 98.28 57.00
43 1.560 97.34 5548
44 1.545 96.41 53.99
45 1.530 95.47 52,51
46 1.515 94.54 51.05
47 1.50t 93.66 49,64
48 1.487 92.79 48.25
49 1.473 9]1.92 46.88
50 1.459 91.04 45.52

31
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b} Metric units {SI)

Table is based on specific gravity of 2.7 for dry feed.

Percent slurry Sp. gr. Pulp density kg dry solids
moisture of slurry kg/m? per m
16 2.123 21223 1781.8
17 2.095 2094 .3 1738.3
18 2.067 2066.3 16943
19 2.041 2040.3 1652.6
20 2.015 2014.4 1611.5
21 1.990 1989.4 15716
22 1.965 1964 4 1532.2
23 1.941 1940.3 1494.0
24 1.917 1916.3 1456.4
25 1.895 1893.9 142Q.5
26 1.872 1871.3 1384.8
27 1.851 1849.8 1350.3
28 1.829 1828.4 1316.4
29 1.809 1808.3 1283.8
30 1.788 17874 1251.2
31 1.769 1768.4 1220.2
32 1.749 17484 1189.0
33 1.730 17294 1158.7
34 1.711 1710.5 1128.9
35 1.693 16924 1100.1
36 1.675 16744 1071.6
37 1.658 16574 1044.2
38 1.640 1639.5 1016.5
39 1.624 1623.5 990.4
40 1.607 1606.5 963.9
41 1.591 1590.5 9385
42 1.575 1574.4 913.1
43 1.560 1559.4 888.8
44 1.545 1544.5 864.9
45 1.530 15294 841.2
46 1.515 1514.5 817.8
47 1.501 15004 795.2
48 1.487 1486.5 773.0
49 1473 1472.6 751.0
50 1.459 1458.5 729.2
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3.02 Properties of Water

1 ft* of H,0
1 gallon H,0O

1 m® H,0

1 liter H,0

specific gravity of water
boiling point

thermal conductivity
specific heat

Hnuu

o mn

74805 U.S, gal

6243

Ib

8342 b
0.1337 ft?

1000.00
1000.00
1000.00

1.00

liters

kg

cc (ecm?)
kg

1.00 kgf/dm?® @ 4*C
100°C @ sea level
0.50 kecal/mh + C
0.999 keal/kg * C
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3.03 Mass of Slurry Required

per Mass of Clinker
100F
w, =
100-M

English or metric units can be employed in this
formula.

304 Slwry Feed Rate Required

English units
_ 249.35cw; 24 ,935F¢
£ d (100 M)d
Metric units (SI)
Cwy CF100
G

T 36D ,3.6(100~MD

3.05 Clinker Production

for a Given Slurry Rate
English units
o= g _ (100 —Mgd
249.35w, 24 935F
Metric units (S1)

o 366D _ 360100-3)DG

C =clinker rate
(long tons
per hour)

¢ =clinker rate
(short tons
per hour)

wy=mass shurry
per mass of
clinker
(tons/ton)
or (kg/kg)

D =pulp density
of slurry
(kg/m?)

d =pulp density
of slurry
(Ib/te*)

F =mass dry
feed per
mass of
clinker
(tons/ton)

or (kg/kg)

| G =slurry rate

(m®/s)
g =slurry rate
(spm)
M = percent
moisture
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3.06 Clinker Production
per Slurry Tank Unit

Note: This formula applies only to the cylin-
drical portion of the slurry tank.

English units
¢, = 0.083337r?s/2000F

Metric units {SI}
Cy = TR2S/F
3.07 Specific Gravity of Shurry

100
s =
W M+ (100 - M)(1/sg)

3.08 Dry Solids per Unit Volume of Slurry

English units

s = 62435, [1 - (M/100)]

Metric units (SI)

§ = 1000s,,, [1 - (M/100)]

Note: values for S, s, s

W and Sgg Can also be
obtained from 3.01.

¢, =tons clinker
per inch of
slurry tank
Cr= kg clinker
per meter
of shurry
tank height
F =mass of dry
feed per
mass of
clinker (kg/
kg)or (tons/
ton)
R =radius of
slurry tank
(m)
= radius of
slurry tank
()
§ =kg solids per
m" of slurry
s =1b solids per
ft2 of slurry
Sgs™= specific grav-
ity of dry
solids
= specific grav-
ity of slurry

Sgw
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PROBLEMS AND SOLUTIONS

3.03 A given kiln uses a slurry of 32 percent moisture and the dry solids

3.04

3.05

rate has been found to be 1593 kg/kg clinker. What is the slurry
consumption on this kiln?

wy = 10041533y, 2.343 kg slurry/kg clinker (G
1 100 — 32 ; g slurry/kg clinker  (ans.)

In example 3.03 above, what is the slurry feed rate (/t/s) when the
kiln produces 36,500 kg clinker/h?

Solution:
1. From Table 3.01 (b), find the pulp density of the slurry

D = 17484 kg/m®

_ (36,500)(2.343) _
T (36)(17484)

0.01359 m*/s

and :(1000)(0.01359) = 13.59 litersfs  (ans.)

A Kkilnfeed tank has a diameter of 16.3 meters. The kiln receives
slurry of 36 percent moisture and shows a specific dry feed consump-
tion of 1.63 kg/kg clinker. How many kilograms of clinker are pro-
duced when the slurry level in the cylindrical portion of the tank
drops 1 cm?

Solution:
From Table 3.01 (b), find the kg solids/m?® of slurry.

5 = 1071.6 kg/m®
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_ (3.1416)(8.15)*(1071.6)
T 1.63

= 137,186 kg/im =
13719 kgfem  (ams.)

3.07 Given: specific gravity of dry solids = 2.68. What is the specific grav-
ity of the slurry when it contains 31.5 percent moisture?

100
= = 1753 (s
e T 3154 (100 - 31.5)(1/2.68) fans.)




Chapter 4

CHEMICAL AND PHYSICAL PROPERTIES OF
MATERIALS USED IN CEMENT MANUFACTURING
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4,02 Bulk Densities of Common Materials

1b/ft3 kg[m’

Aluminum 162 2595
Asbestos 190 3045
Brick (basic) 150-185 2400-29635

(alv.) 95-110 1520-1760

(fireclay ) 85-95 1360-1520
Cement (packed) 94 1506

(loose) 75-90 1200-1440
Clay {loose) 60-75 960-1200
Clinker 90-106 1440-1700
Coal (loose) 50-54 800-865
Coke 3040 .. 480-640
Concrete(reinforced) 145 2325
Gravel (loose) 110 1760
Ice 5§74 919
Iron {Cast) 450 7210
Iron Ore 175 2805
Kiln Feed (dry) 85 1360
Kiln Dust (loose) 65 1040
Limestone 95 1520
Mortar 104 1665
Fuel Oil 56 895
Sand 95 1520
Shale 155 2480
Slurry (@ 35 percent H,0) 105 1682
Steel 490 7850
Water 62.4 1000
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4.06 Barometric Pressure at Different Altitudes

Elevation in. Hg p.s.l. mm Hg | kFPa

ft m
0 0 29.90 14.68 760 101.22
100 30 29.79 14.63 757 100.87
200 60 29.68 14.57 754 10046
300 30 29.57 14.52 752 100.11
400 121 29.46 14.45 749 99.70
500 152 2936 1442 746 9942
600 183 29.25 14.36 743 99 .01
700 213 29.14 14.31 741 98.66
800 244 2903 14.25 738 98.25
- 900 274 28.92 14.20 735 97.91
1000 305 28.82 14.15 733 97.56
1200 366 28.61 14.05 727 96.87
1400 427 28.40 13.94 722 96.11
1600 488 28.19 13.84 717 9542
1800 549 27.98 13.74 711 94.73
2000 610 27.78 13.64 706 - 34 .04
2200 671 27.57 13.54 701 93.36
2400 732 27.27 13.44 696 92.67
2600 792 27.17 13.34 691 9198
2800 853 26.97 13.24 686 91.29
3000 914 26.77 13.14 680 90.60
3200 975 . 26.58 13.05 676 8998
3400 1036 26.38 1295 671 89.29
3600 1097 26.19 12.86 666 88.67
3800 1158 26.00 12.77 661 88.05
~ 4000 1219 25.81 12.67 656 87.36
4500 1372 25.34 12.44 644 85.77
5000 1524 24.88 12.22 632 84.25
5500 1676 24 .43 1199 621 82.67
6000 1829 23.98 11.77 610 81.15
6500 1981 23.54 11.56 598 79.70
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4.07 Sieve Sizes

DIN 4188 ASTM E-11-60
mesh Aperture mesh Aperture
per per
cm? mm microns inch mm in. microns
325 0.044 44
6400 0.075 75 200 0.074 74
4900 0.090 90 170 0.088 88
3600 0.1 100 150 0.105 105
1600 0.150 150 100 0.149 149
400 03 300 48 0.297 0.0117 297
144 0.5 500 32 05 0.0197 500
100 0.6 600 28 0.59 0.0232
4.08 Coefficients of Linear Expansion
Substance Coefficient of linear expansion
in./in./°F m/m/°C
Aluminum 0.00001244 22.70
Brick 0.0000035 6.41
Concrete 0.0000080 14.64
Copper 0.0000090 16.50
Cast Iron 0.00000655 11.99
Wrought Iron 0.00000661 12.09
Steel (mild) 0.00000636 11.64
4.09 Properties of Air
a) English units
°F Volume of Volume of Weight of Weight of
dry air saturated air dry air water required
@ 29.9 in, Hg ft> b @29.9in. Hg to saturate air
£t3/1b Ib/ft? 1b vapor/Ib air
32 12.39 12.46 0.080714 0.003774
60 13.09 13.33 0.076366 0.01104
70 13.35 13.68 0.074924 0.01576-
20 13.85 14.54 0.072198 0.03106
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'b) Metric units (SI)

Ela: Volume of Volume of Mass of Mass of water
dry air saturated air dry air required to
@ 1 atm. m3/kg @ 1 atm. saturate air
m?fkg ) kg/m® kg vapor/kg air
0 0.7735 0.7779 1.2929 0.003774
16 0.8175 0.8322 1.2232 0.01104
21 0.8332 0.8540 1.2001 0.01576
32 0.8647 0.9077 1.1565 0.03106
4.10 Particulate Concentration in Gases
For gases:
b/ = 3851X105m ppm
1 ugfliter = 2404m ppm
lug/m?® 0.02404 m ppm
where
m = molecular weight of gas
Particulate:
1 grain/ft? = 229X 10% ug/m?®
= 143X 10 lb/ft3
1 Ib/ft3 = 16.02 X 10° mg/m?
= 16.02 grams/liter
= 7.06 X 10 grains/ft?
- 1 mg/m? = 28.32 ug/ft®
= 6243 X 1077 Ib/ft?
1 ug/m® = 0.001 mg/m3

4.37 X 1077 g/ft

_ To calculate the particulate concentration in a known volume of gas,
- use the following formula:
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¢ = (2.205 X 10°8)(m/V)

where

¢ =concentration, b/ft?
m = total particulate matter, mg

V = vyolume of gas sample through dry gas meter (standard condition),
it

4.11 Selected International Atomic Weights

(Based on Carbon—12)

Element Symbol Atomic Atomic
Number Weight
Aluminum Al 13 26.9815
Calcium Ca 20 4008
Carbon C 6 12.0115
Chlorine Cl 17 35453
Fluorine F 9 18.9984
Hydrogen H 1 1.00797
Tron Fe 26 55.847
Lead Pb 82 207.19
Magnesium Mg 12 24.312
Manganese Mn 25 54938
Nitrogen N 7 14.0067
Oxygen (8] 8 159994
Phosphorus P 15 30.9738
Potassium K 19 39.102
Silicon Si 14 28.086
Sodium Na 11 22.9898
Sulfur ) 16 32.064
Titanium Ti 22 47.90

Zinc . In 30 65.37




PROPERTIES OF MATERIALS IN CEMENT MANUFACTURING 47

4.12 Selected Minerals and Ores

Principal mineral Found in Other nomenclature
or element
Aluminum Bauxide Hydrous aluminum oxide
Gibbsite
Boehmite
Diaspore
Cryolite
Aluminum silicates | Montmorillonite
(clays) Andalusite
Kyanite
Sillimanite
Dumortierite Aluminum borosilicate
Keolinite
Asbestos Tremolite Calcium magnesium amphi-
bole
Actinolite Calcium magnesium-iron
amphibole
Crysotile Fibrous serpentine
Barium Barite Barium sulfate
Witherite Barium carbonate
Bentonite Montmorillonite
| Borates Borax
Ulexite
Colemanite
Kernite
Probertite
Cadmium Greenockite Cadmium sulfide
Chromite Chromite Chrom-iron oxide
Cobalt Cobaltite Sulfarsenide of cobalt
Smaitite Cobalt diarsenide
Erithrite Cobalt bloom
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Principal mineral Found in Other nomenclature
or element
Copper Chalcopyrite Copper-iron sulfide
Bornite
Cupriferrous pyr.
Covellite
Tetrahedrite
Enarcite
Cuprite
Atacamite
Malachite
Azurite
Chalcanthite
Crysocolla
Diatomite Diatomaceous earth
Feldspars Sanadine Orthoclase of potassium or
sodium
Adularia Orthoclase
Albite Sodium & aluminum silicate
Anorthite Calcium-aluminum silicate
Fluorspar Fluorite Calcium fluoride
Gypsum Gypsum Hydrous calcium sulfate
Iron Hematite Fossil ore (red)
Limonite Bog ore (brown)
Magnetite Lodestone (black)
Siderite Black band, kidney ore
Limestone Calcite Calcium carbonate
Dolomite Calcium-magnesium car-
bonate
Alkerite Calcium-magnesium-iron
carbonate
Aragonite Orthorhombic calcium car-
bonate
Manganocalcite
Magnesium Magnesite Magnesium carbonate
Dolomite Pearlspar
Brucite Magnesium hydroxide
Carnallite Hydrous potassium-mag-
nesium chloride
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Principal mineral Found in Other nomenclature
or element
" [Manganese Psilomelane Manganese oxide

Pyrolusite Manganese dioxide

Phosphates Collophane Hydrous calcium phosphate
Apatite Calcium~chloro-fluoro phos-

phate
Wavellite Hydrous alumina phosphate
y Voelckerite

|Pyrite & Sulfur Pyrite Iron disulfide

Quartz Sand Silicon dioxide
Quartzite
Amethyst Transparent quartz
Smoky quartz Smoky yellow, black
Citrine
Rose quartz
Aventurine
Chalcedony
Chrysoprase
Heliotrope
Agate

Titanium Ilmenite Ferrous titanate

: Rutile Titanium oxide
Sphene Calcium-titano silicate
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4.13 Classification of Minerals

a) Igneous rock

These are formed by the intrusion or extrusion of magma or by volcanic
activity. The following minerals belong to this group:

Granite ¢ Crystalline quartz and orthoclase.

Orthoclase : Feldspar containing potassium.

Plagioclase . Feldspar containing calcium and sodium.

Quartz : Silicon dioxide

Biotite : A dark green form of mica consisting of silicate of
Fe,Mg, K, or Al

Pyroxene : Silicate minerals containing calcium, sodium, mag-
nesium, iron, or aluminum,

Olivine :  Silicate of magnesium and iron.

Magnetite :  Oxide of iron.

b) Sedimentary rock

These are formed by deposits of sedimentation. They can also consist
of fragments of rock deposited in water or by precipitation from solutions
and organisms. The following rocks belong to this group:

Gravel Shale Chalk
Sandstone Limestone Marl
Siltstone Gypsum Coral
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¢} Metamorphic rock

These are minerals that have been changed by the action of heat, pres-
sure, and water. The following minerals belong to this group:

Gneiss . Laminated or foliated metamorphic rock

Schist : Crystalline metamorphic rock with foliated
structure along parallel planes.

Slate : Compressed clays and shales.

Marble : Metamorphic crystallized limestone.

Quartzite : Metamorphic sandstone
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“Chapter 5

FORMULAS AND DATA USED IN
COMBUSTION CALCULATIONS

5.01 Thermochemical Reactions

Formula: C +
Molecular weight: 12 +
Mass: 1+

C +
12 +
1+

2H,

-+

and
S0,

N
+ +

0,
32
2.66

%0,
16
133

O,
32
8

0.
32
|

1% 0,
16
0.25

55

Co,
44

3.66 1b + 14,003 Btu/lb
3.66 kg + 7829 keal/kg

co

28

2.331b + 4320 Btu/lb
2.33 kg + 2400 kcal/kg

2 H,0
36

91b+ 60,991 Btu/Ib (gross)
9 kg+ 28,641 keal/kg (H,)

50,

64

2 1b + 3983 Btu/lb
2kg+ 2213 keal/kg

SO,
80
1.25
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5.02 Combustion Constants
a) English units
Formula 1b/ft? Btu/ft? Btu/Ib
Carbon C 14,093
Hydrogen H, 0.005327 3249 60,991
Oxygen 0, 0.08461
Nitrogen N, 0.07439
Sulfur s 3,983
Carbon monoxide CcO 0.07404 3216
- | Carbon dioxide Co, 0.117
Water vapor H,0 0.04758
1 Sulfur dioxide S0, 0.1733
Methane CH, 0.04246 1014.6 23,896
Ethane C,Hg 0.08029 1789.0 22,282
Propane C3H; 0.1196 2573.0 21,523
n-Butane CiHio 0.1582 .3392.0 21,441
n-Pentane CsH,; 0.1904 42000 22,058
Note: Volumes at 60°F and 30 in. Hg. All gross heating values.
b) Metric units
Formula kg/m® keal/m® MI/m®  keallkg /g
Carbon C - - 7,831 32,765
Hydrogen H, 0.0853 2,892 12,098 33,884 141,771
Oxygen 0, 1.3553 - -~ = -
Nitrogen N, 1.1916 = = = -
Sulfur S - - - 2,213 9,259
Carbon monoxide CO 1.1860 2,862 11.975 - -
Carbon dioxide CQ, 1.8742 - - — -
Water vapor H,0 0.7622 - - - -
Sulfur dioxide S0, 2.7760 - - - -
Methane CH, 0.6801 9,030 37.781 13,276 55,547
Ethane CyHg 1.2861 15922 66.618 12,379 51,794
Propane C3Hg 1.9158 22,900 95.812 11,957 50,028
n-Butane CHyo 25341 30,189 126309 11,912 49,840
n-Pentane CeHy, 3.0499 37,380 156.398 12,254 51,271

Note: Volumes at 16°C and 760 mm Hg.
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5.03 Heat Value of Fuel

The heat value of a fuel is usually determined in a calorimeter. For an
approximate indication, the heat value can also be calculated from the ul-
timate analysis. Values for C (carbon), S (sulfur), H (hydrogen), etc., are

expressed in terms of percent by weight for coal and oil and in terms of
percent by volume for natural gas.

For coal :
gross heating value (Btu/lb) = 1454C+404S+611.0H-6460,

net heating value (Btuflb) = 1454C+404 8

0,
+5166 H-— -108m

0
net heating value (kcal/kg) = 80.8 C + 287 (H - -82)

+22455 -6.0m

where

= percent moisture in coal.
* Foroil:

gross heating value (Btu/lb) = 17,780 + 54 (API gravity)
heating value (kcal/kg) = 12,958 — 32284 -70.08

where

d = density at 15°C (kg/dm?)
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For natural gas:

Btu/ft® = 10.146 CH, + 17.89 C,H¢ +25.73 C3H,
+33.92C4H;o +42.0CsH,; + 647 H;S

kcal/m® = 90.3 CH, + 159.2 C,Hg + 229C3Hg
+301.9C4H,o +373.8CsH,, +57.6 H,S

5.04 Conversion from “‘Gross” to “Net” Heating Value

The net heating value accounts for the heat losses that are experienced
for the evaporation of the moisture in the fuel as well as the water that is
generated by the combustion of hydrogen. Heating values obtained in the
calorimeter are “gross” values and can be converted to the “net” basis by
the following formulas:

a) English units

HY (net) H V(grou) - 9270 H; (Btu/lb)
b) Metric units
Hu (net) = Hu (gross) 5150 H, (keal/kg)

where
H, = percent hydrogen (sum total of H; in the fuel and the moisture)

In Europe it is the custom to express the heating value or fuel consump-
tions in terms of the “net” basis whereas in North America the “gross”

heating value is generally used.
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5.05 Analysis of Coal

a) Ultimate analysis

C+H+N+85+0+ Ash = 100 percent (by weight)

where

C = percent carbon, H = percent hydrogen, N = percent nitrogen,
S = percent sulfur, O = percent oxygen.

The percent oxygen (Q) is not determined by analytical methods but
calculated by difference to make the sum total equal to 100.

b} Proximate analysis

V + free C + ash +m = 100 percent

where
14 = percent volatiles,
free C = percent free carbon, and
m = percent moisture.

The percent free carbon is calculated by difference to make the sum
total equal to 100.

5.06 Methods of Exp‘ressing Solid Fuel Analysis

Analysis of solid fuels should be reported with a note containing a re-
mark in respect to the method in which the analysis is expressed. The fol-
lowing are the methods (basis) frequently used:

a) “as analyzed”

b) “dry basis”

c) “as received”

d) “combustible basis” (moisture and ash free)
e) “as fired”
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For inventory control purposes it is of advantage to express coal ton-
nage, heating value and its composition on the “dry basis” to eliminate the
fluctuations coal undergoes when it is stored outside and exposed to
weathering.

5.07 Conversion of Coal Analysis to Different Basis
Let
Y = percent C, S, N, or percent ash
0 = percent oxygen

H = percent hydrogen
m = percent moisture

subscript:
@ = “‘as analyzed” basis
d = “dry basis”
r = “asreceived” basis
f = “as fired” basis
¢ = “combustible” basis

a} To convert from “as analyzed” to “dry” basis

Y, =7 100

¢ ¢ 100-m,
H, = (H,-0.1119m

a =@ T
0, = calculated by difference

b} To convert from “dry” to “as received " basis
Multiply all components, except hydrogen, by the factor
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100 = m,
100

¢) To convert from “dry” to “as fired ” basis
Multiply all components, except hydrogen, by the factor

100 —m,
100
Note: in b) and ¢) above, the percent hydrogen is calculated as follows:

100 —m

H = H, +0.1119m

d} To convert from “as received” to “dry” basis

Multiply each component, except the hydrogen, by the factor

100
100 -~ m,
H (#,-0.1119m,) =
= -0.1119m ;
4 " " 100 -m,
04 = calculated by difference

e) To convert from “combustible” to “as fired " basis

Multiply each component, except the hydrogen, by the factor

100 — (ash + my)
100



62 CEMENT MANUFACTURER’S HANDBOOK

100 - (ash + m,)
H = H + 0.1119m,
100

1]

Oy calculated by difference

f) To convert from “as received” to “combustible” basis
Multiply each component, except the hydrogen, by the factor
100
100 - (ash +m,)

100
100 — (ash +m,)

H, = (H,-01119m,)

The following table shows clearly how the values of a coal analysis and
the heating value can change when the analysis is expressed in different
terms.

As Dry Ash and As As
analyzed basis moisture free received fired
C (carbon) 61.24 67.30 75.36 57.00 66.76
H (hydrogen) 5.74 5.20 5.93 6.12 5.25
S (sulfur) 2.46 2.70 3.03 2.29 2.68
N (nitrogen) 1.73 1.90 2.12 1.61 1.88
O (oxygen) 19.09 12.20 13.56 8.62 12.02
Ash 9.74 10.70 - 9.06 10.61
m (moisture} 9.0 o - 153 0.80
Volatiles 3249 35.70 39.97 30.24 3541
Free Carbon 48.78 53.60 60.02 45.40 53.17
Btu/lb 10,785 11,850 13,320 10,040 11,800
kcal/kg 5,992 6,583 7,400 5,578 6,556

kJ/kg 25,071 27,543 30,962 23,338 27,430
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5.08 Typical Coal Ash Analysis

For a cement chemist, it is important to know the chemical composi-
tion of the coal ash. The majority of the ash, during the burning of coal,
enters the clinker and modifies its chemical composition. On coal fired
kilns, it is not only important to maintain a uniform kiln feed but also to
fire the kiln with a coal of uniform composition. In plants, where coal
originates from several different suppliers, provisions should be made to
blend these coals before they are fired in the kiln. A typical analysis of
coal ash is shown in the following:

SiOz Aleg F6103 Ca0
463 percent  25.6 percent 187 percent 2.8 percent

5.09 Fuel Ignition Temperatures

The approximate ignition temperatures of various fuels are

°F °c
Coal 480 250
Wood 570 300
Bunker C oil 400 200
Diesel fuel 650 350
Natural gas 1050 550

5.10 Perct?nt Coal Ash Absorbed in Clinker

The percent coal ash contained in the clinker can be calculated from
the loss-free analysis of the ash, raw mix, and clinker as follows:
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Analysis
Ca0 §i0, Al;04 Fe;04
Ash Cp, Tevnn- 5, =-.... A =..... F;=.....
Raw Mix Cop =ve-- Sy =-eens Ay=..... Fp=.....
Clinker C =i 5 =, i A T F S
cC-C
x = Z 100 & semis
C,-Cn
S-§
Xa = = 100 =T i
sa"sm
A-
X3 = Am 100 = e v e
Aa—Am
F-F
X = = 100 = U
Fa"Fm

The percent coal ash contained in the clinker (percent) is:

Xy +Xx; +x3+Xx,
Percent = 7 = il 4

5.11 Effect of Coal Ash on Clinker Composition

Changes in the composition of the clinker as a result of coal ash addi-
tion can be calculated by the following method:
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Analysis (loss-free)

CaO 8i0, Al, Oy Fe 03 MgO  Alkolies Total

At €, e S 5 & Bt 1 s T M s - P
Clinker C ..... S i v s . gy | M..... N e X v -
w = coal factor (weight coal/wt. cl.), decimal = i
y = ash content of coal, decimal S e
z = ash absorption by clinker (usually 0.40 to 1.00) R s
AC=wyCz= ..... AF=wyFz= .....
AS=wy§z= ..... AM=wyMz= .....
AA=wyAz= ..... AN=wyNjz= .....
clinker composition
Ca0 =C-AC = (....)(xW EETIEY.
Si0, = S-AS = (L...)}(XW) = Liiési
A1203 = A-AA = (--)(X/V) = ...
Fe;05 = F=AF = (....)ENW) = vuna
MgO =M-AM = (....)EH) -
Alkalies = N-AN = (....)&AM S 55
v = Total = e

Note: for (w) above either the English (1b coal/tb clinker) or metric
units (kg coal/kg clinker) can be used.

5.12 Determination of Theoretical Fuel Consumption

Knowing the properties of the coal, kiln feed, and the exit gas alows an
engineer to calculate the coal consumption by using Dr. Kuh]’s formuia:



66 CEMENT MANUFACTURER’S HANDBOOK
Data needed:
a = constant, 0.266
b = percent carbon in dry coal
¢ = percent hydrogen in dry coal
d = percent nitrogen in dry coal
e = percent oxygen in dry coal
f = percent sulfur in dry coal
g = percent ash in dry coal
m = percent total carbonates in dry feed (CaCO; + MgCO,)
n = percent loss on ignition of dry feed
p = percent “true” CO, in exit gas. Calculated as follows:
_ 100 CO, +CO
b 100+ 1.89C0-4.78 0,
q = percent O, (oxygen) in exit gas
s = percent N, (nitrogen) in exit gas
t = percent CO (carbon monoxide) in exit gas
Calculations
400m
K, =
100 —-n
K: =—;+c+a——£+£
3 7 8 8
b m
K3 = — o _.._...._g_
3 2500-25n
vV + £
= g5 - _—
4 2
W =p+1¢
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coal consumption,

K.V
X A e
K;W—=K3V
where
x = Ibcoal/100 Ib clinker or kg coal/100 kg clinker

Example: A kiln under investigation showed the following analysis during
the time of the test:

Coal (dry) Kiln feed (dry)
percent carbon @ 72.16 total carbonates : 79.26
percent hydrogen: 5.37 loss on ignition : 35.8
petcent nitrogen : 1.58 :
percent oxygen : 7.89 Exit gas
percent sulfur  : 2.00 .
percent ash : 11,00 €0; (e 23R

O; 16
co -
N, : 7099

What is the coal consumption on this kiln?

400)(79.26
K = G026 _ 19583
100 - 35.8
72.16 1.58 7.89 2.0
Ky = —— + 537+ 0266 -— = 28.75
3 7 8 8
72.16
2 = __(1926)(1100)  _ .,
3 2500 - [(25)(35.8)]
0
Vo= (0:266)(7099) - 16 + == 1728
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w = 2738+ 0=2738
_ (493.83)(17.28)
. (28.75)(27.38) - [(23.51)(17.28)]

= 22.4 1b coal/100 1b clinker

or
= 22.4 kg coal/100 kg clinker  (ans.)
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PROBLEMS AND SOLUTIONS

Expressed on a “as fired” basis, a coal shows the following ultimate
analysis:

C S H, 0, moisture
758 15 48 89 0.5

What is the net heating value of this coal expressed in terms of kcal/
kg?

89
H, = (80.8)(75.8)+K287 4.8 ——S—B + [22.45(1.5)] - [6(0.5)]
= 7216.6 keal/kg  (ans.)
The specific heat consumption of a kiln is stated at 5.2 million Btu/
ton of clinker based on the gross heating value of 12,750 Btu/Ib of

coal. What is the specific heat consumption of this kiln in terms of
net Btu/ton when the coal contains 4.3 percent hydrogen?

H, ooty = 12,750 - [9270(0.043)] = 12351 Btu/lb

and

12351
52]——1 = 5.04 million net Btu/ton clinker  (ans.)
12750

Given the following analysis on a loss free basis:

CaO SIOQ Al;Oa F8303
Ash 2 04 49.3 28.6 209
Kiln feed : 67.9 19.8 6.9 2.1

Clinker : 66.5 20.5 7.3 25
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What percent ash does the clinker contain?

66.5-67.9
x, = ——— 100 = 207
04-679
_ 205-198 .
¥2 T 293-198 '
73-69
X3 = —— 100 = 134
286-69
25-21
Xg = ——— 100 = 213
209 -2.1
207+237+184+213
Percent ash in clinker = ” = 2,10 percent

{ans.)
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pH: HYDROGEN—ION—CONCENTRATIONS

6.01 Definition of pH

The pH value of a chemical is indicated by the negative log of the hydro-
gen-ion-concentration (/ +).

CRe |l (O I (I 107 | ..... 1073 | 10714
pH | © 1 2 4., 7

..... 13 14

«————— acid ——— | neutral| —— basic (alkaline) —

[H* ] dominant [OH ]dominant

In a compound, if:

[H] > [OH] : compound is acidic in nature ‘
[oH] > [H] ; compound is basic (alkaline) |
HT = [OH] : compound is neutral

"
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6.02 Calculation of pH

pH = x-logy
[H"] = yl0*
[H'] - [OH] = constant (= 107'%)

Example

A solution of NaOH is 0.015 N. What is the pH?

[OH7] = 0.015 gram equivalent per liter
log [OH'] = -1.824
[OoH] = |g18%
but
[H]«[OH] = 107
thus, 1
[H] = 10 10712176
l 0—] 824
pH = 12.176
6.03 Indicators
Reagent Indicator Color change
Acids Red phenolphthalein Color free
Blue litmus paper Red
Yellow methyl orange Red
Bases Red litmus paper Blue
Colorless phenolphthalein Red
Red methyl orange Yellow
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BURNING



Chapter 7

TECHNICAL INVESTIGATION OF
KILN PERFORMANCE

Introduction

The significant formulas for a study of the kiln performance and effi-
ciency are given. An engineer should follow the sequence in which the for-
mulas are presented herein as many calculations require the results obtained
from earlier computations,

To simplify the engineer’s task, all the formulas are presented in the
form of work sheets that can be used to arrange the study in an orderly
fashion. At the conclusion, a summary sheet is also given to compile all
the significant results of this study,

Data, formulas, and results can be presented either in English or metric
system units by using the appropriate worksheets in this chapter,

These work sheets can also be used to perform studies of parts of the
kiln system (e.g., the cooler operation). The reader should have no diffi-
culties in selecting the appropriate formulas from the worksheets in these

- instances.

For a complete study, it is essential that the kiln data be selected during
a time when the kiln operates in a stable and uniform manner.

75
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7.01 Technical Information on Kiln Equipment

Plant Location: Kiln:

Kiln
Process:

Manufactured by:

Year placed in operation:
Types of clinker produced:
Types of fuel burned:
Primary air source:
Feeder type: -
Type of dust collector:

Dust processing:
Preheater

Type:
Manufactured by:
Year:

Cooler
Type:
Manufactured by:

Year:

Fans

Type fan Rated capacity rpm Hp

Cooler fan 1

| [ W
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Type fan Rated capacity rpm Hp

Cooler Exhaust
"Induced draft

Recycle fan

Nose ring
Shell cooling

Drives

Type Hp Motor rpm

Kiln drive
Auxiliary drive

Cooler drive

Other kiln equipment

Function Type Hp

Date of investigation :
Tested by
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KILN PERFORMANCE AND EFFICIENCY
(ENGLISH SYSTEM OF UNITS)

DATA NEEDED
Fuel Analysis (Ol or Coal)

All values to be shown on the *as fired” basis

A, = Percent ash = ...
A, = Percent hydrogen = sgsas
Ap = Percent carbon = ...
Ay = Percent nitrogen = g oh e
A, = Percent oxygen : S o e
Ag = Percent sulfur B 5 s
A, = Percent moisture B s
A, = Heatvalue (gross Btu/lb) = g
Coal Ash Analysis
Bg, = Percent Si0, 2 maens
B,; = Percent Al,O04 = .....
Bp, = Percent Fe,04 = ..., ”
Bp, = Percent CaO = ovswa

78




KILN PERFORMANCE & EFFICIENCY (ENGLISH SYSTEM) 79

Kiln Feed Analysis

All oxides must be shown on a “loss free™ basis

Percent Si0,

Percent Al,0,
Percent Fe,04
Percent CaO
Percent Mg0D
Percent NaQ,
Percent K,0
Percent SO,

Percent loss on ignition

-

Percent moisture
Percent retained on No. 50 sieve

Percent retained on No. 200 sieve

Co Percent organic matter
Cop Specific gravity (dry solids)
Kiln Exit Gas Analysis
Determined by Orsat analysis
Dco, = Percent CO, (by weight)
Dpp = Percent CO (by weight)
D, = Percent O, (by weight)
Dy = Percent N, (by weight)

Precipitator Outiet Gas Analysis

ECO; _

= Percent CO, (by weight)
Percent O;  (by weight)

.....

-----

.....

.....

-----

-----
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Ambient Air Data
Fr = Ambient air temperature (°F)
Fy = Relative humidity (percent)
Fg = Elevation (feet above sea level)
Fg, = Barometric pressure (in. Hg)
Weights of Materiais
Wo = Kiln output (tph)
W, = Lbdry feed per ton of clinker
(show actual feed rate)
W, = Lb fuel per ton of clinker
(as fired)
W, = Total tonsof chains
Kiln Dust Analysis

All oxides must be shown on a “loss free” basis

Percent Si0,

Percent Al,04

Percent Fe, 0,

Percent CaO

Percent K;0

Percent SO;

Percent loss on ignition

Percent of dust that is retumed to kiln
(decimal)

.....

.....

.....

.....

.....

.....

.....

-----

.....

.....
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Kiln Dimensions

| I | 11 TS | |

Kiln length (ft)

Kiln diameter (ft)

Primary air nozzle diameter (ft)

Length of chain section (ft)

Total chain surface area (ft*)

Effective kiln feed end throat diameter (ft)
Refractory lining thickness (in.)

Total feet of chains

Kiln shell thickness (in.)

Kiln slope (degrees)

Feed entering kiln (°F)

Secondary Air {°F)

Primary Air (°F)

Feed end (°F)

Cooler stack (°F)

Clinker at cooler exit (°F)

Fuel as fired (°F)

Average shell temperature, lower third of
kiln (°F)

Average shell terﬁperature, middle third of
kiln (°F)

Average shell temperature, upper third of
kiln (°F)

Average kiln room temperature (°F)

Primary air flow (SCFM @ 32°F, S.L.)
Excess cooler air (SCFM @ 32°F, S.L.)
Total air into cooler (SCFM @ 32°F, S.L.)

o

Hon

1o 1N

ooooo

.....

.....

.....

-----

-----

-----

-----

.....

.....

.....
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Qther Parameters
P, = Hood draft (in.H,0) -
Pg, = Feed end draft (in. H,0) -
Py, = Kiln speed (RPH) = L.
X, = Cooler length, grates only (ft) 2 aees
X, = Cooler width, grates only (ft) = ...
X, = Total area of openings in hood (ft?) = ...,

Clinker Analysis
Hg; = Percent SiO, = ...
Hy, = Percent Al,0, = s
Hg, = Percent Fe;0,4 = e
Hn, = Percent Ca0 = sisus
Hy, = Percent MgO = ...,
Hg = Percent SO, S i
H,, = Percent total alkalies (as NaO;) = S
Hy, = Percent loss on ignition = e

CALCULATIONS

8.01 Amount of Feed Required
to Produce One Ton of Clinker

The result obtained herein does not include any dust losses. The as-
sumption also made is that all the coal ash enters the clinker and none
leaves the kiln with the exif gas.
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-a = 3568 Cg, = e
b = 41.80 CMg 2 e

e =200 Cy = .....
d = 200 Cg S wasss

e = 200 Cg, F L ...

f = 1508 Cg + 7.86 Cy, = L, ..

subtotal : = .....

100 — Hy,
g = subtotal times ——= = ...
100

Subtract ash in clinker.

" (AA 100 .
% \100/\100 - C;,

=
[]

Ib feed required/ton of clinker B g

-~
1]

8.02 Dust Loss

Dust losses are expressed in tetms of equivalent feed.

kl = wdF g i = w v
k

kg o _"‘l_' = v e ele .
wd'F

In the absence of reliable data for actual feed usage, W, can also be de-

termined by the following formula which takes into account the difference
in the loss on ignition between the kiln feed and the dust among the other
factors.

2000

h
W,p = ———— |100 = H,, + Wp (100 = Gp) =———| = .....
4F 100 - ¢ Vo 2

2000
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where

W, = tons of dust wasted per ton of clinker

The factor “k” can be obtained from 8.01, all other variables are given in
the data sheet.

8.03 Potential Clinker Compounds and Clinker Factors

CsS = 407THp, —(1.6 Hg+6.72H, + 143 Hp,

+285Hg) = .....
C,S = 287Hg -075C,8 = ...
CsA = 2.65H,-1.69Hg, = ..

C,AF = 3.04 Hp, = ...
100 He,

LSF = = -

28Hg+1.65H,,+0.35Hg,
H

SR = 2t = ...
HA +HF¢
H

AfF =2 = ..
HFe

Percent liquid = 1.13C3A+ 135 C4AF + Hy,, + H

For an accurate determination of the clinker compounds, the clinker
analysis has to be adjusted as shown in Chapter 1, Problem 1.09 (b), prior
to using the oxide values in the above calculations. This takes into account

the amount of CaO that is combined with the sulfur as CaSQ, and the free
lime present in the clinker,

8.04 Theoretical Heat Required to Produce
One Ton of Clinker

The result obtained represents only that amount of heat that must be
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imparted to the feed to tumn it into one ton of clinker. It does not include
heat losses in the system nor does it account for the heat that is recoverable
from the hot clinker after the clinkering reaction is completed. The result,
however, does take into account the exothermic reaction at clinkering
temperature.

1 = 14795 H ,, + 23326.7 Hyy, + 27524.07 Hey
~ 18416.58 Hg, —2123.88 Hp, = ..... Btu/ton

8.05 Percent of Infiltrated Air at Kiln Feed End

Infiltration is expressed on the basis of the kiln exit gases being equal to
100 moles and the precipitator gases containing 100 + x moles, where x
represents the moles of infiltrated air.

First, solve the following equation for x

Dy,
100

E 378 E,
x = =22 (100 +x) +———22 (100 +x) - 478
100 100

then, the percent infiltrated air is

100x
n =
100+ x

8.06 Excess Air Present in the Kiln

o 189@Do,-Dco)
Dy - [1.89 2Dy, — Do)l

8.07 Combustion Air Required to Burn One Pound of Fuel

This formula applies only to liquid and solid fuels. To determine the
combustion air required for gaseous fuels, use the formula given in 13.08,
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1+ ) 1011594 4.+ 0.34783(4,, - 22
o= —_— & o -
100 ¢ H™ g

+0.04348 45] = .....

8.08 Weight of Combustion Air per Minute Entering Kiln

Wei
w, = —— Wo =
Y760 4

(Note: for natural gas firing use formula given in 13.08).

8.09 Air Infiltration at Hood

Ws

(7.74)(0.75)x, (0.081P,)* =

.....

N
]

.....

Ws
Percent infiltration =|—
W

8.10 Cooler Air Balance

This air balance is being established in terms of 1b/min flow rates. Keep
in mind too that flow volumes in the data sheet are given at a base temper-
ature 32 F at zero elevation.

wa = 0081 Vp, _ PP,
W3 T W =Wg —Ws ‘ = ,....
w, = 0.081 Vg, ® Liaan
w, = 0081V, = ...
W, = W,—W;=-W3 £ R

where w,, represents the amount of cooler air lost by leaks in the cooler,

the amount of air removed from the cooler for the drying of the coal,
and/or the amount of cooler air recuperated for the precalciner or raw
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grind.
Note
- wa twy twg

The percent primary air is

The air utilization efficiency of the cooler can be expressed by

L
efficiency = — 100 = .....
Wy

Note: To obtain the true efficiency of coolers where part of the
heated air is used for raw grinding, coal drying or as secondary air in
the precalciner subtract this amount of air from w,, before using the
above formula.

8.11 Products of Combustion (lb/ton)

CO, from fuel = 0.0367 AW, = ...
80, from fuel = 0.02A45W, = ...
H,O from fuel = 0.09 Az W, = e

A
N, from fuel [—17.’;+ 3.3478 (0.0267 A + 0.01 Ag

+0.08 Ay =001 )| W, = ...
Subtotall = ...

m
Add excess air: —— (subtotal) = ..
: 100

we = total (Ib/ton clinker) = ...

Note: for natural gas firing use the Yormula given in 13.08.

87

.
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Find “m” in 8.06.

8.12 Weight of Gases from Slurry (Ib/ton)

CO; from feed (1+0.5k,)(0442+052166) = .....

100 Wap

H;04,.. fromfeed = 100-CM_ aF ¥ savvi

HO pey, fromfeed = (1+kp)f N
W, = total ' = e e

Note: Assumption: The dust wasted has given off 50 percent of its
CO0, and all of its moisture (free and chemical combined).

Find “k;” in 8.02 and “a,™ *“b,” “f" in 8.01,

8.13 Total Weight of Kiln Exit Gases

The best method for determining the weight of kiln exit gases is by
measuring the actual flow at the back end of the kiln and subtracting the
percent of infiltrated air that enters through leaks at the feed end (see 8.05).
In many instances, such flow measurements are suspect in accuracy because
it is often difficult to measure the build-up in the duct where the measure-
ments are taken. The large size of the ducts in this area also require special
probes and a multitude of test points to obtain a meaningful traverse in
the duct. In cases where this testing method is suspect, it is advisable to
calculate the weight of kiln exit gases by adding the products found in
8.11and 8.12.
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CO, from fuel ....

CO, fromslurry ...... TotalCO, = .....
H,O from fuel ......

H,O from slurry {incl.chem) ....... Total H,O = ....
50 percent of SO, from fuel Total SO, = .....
N, from combustion TotalN, = .....
Excess air (see 8.11) Total Excess Air = .....
Wem = Total = ...
Wea =i Wy - Total H,0 (above) & ciins

Note: In the above calculations the assumption is made that 50 per-
cent of the sulfur in the fuel leaves the kiln with the exit gas and the
other half leaves with the clinker.

8.14 Percent Moisture in Kiln Exit Gazes

Wem — W,
Percent moisture =[—g'£———g£]100 -

The percent moisture in the exit gases can also be determined from the
- condensate collected when the flue gases were tested with a dry gas meter
. [see Chapter 30, Section 30.03 (b)]. .

8.15 Density of Kiln Exit Gas

The values for CO,, 8O,, etc., in the following formula are found in
8.13. Since the formula given applies to gas at 32°F at sea level, the result
has to be converted to prevailing temperatures and pressures by using the
well-known, general gas law. M
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a) At 32 F and atmospheric pressure.

0.1234C0O; + 0.182780, + (.0503H,0 + 0.0781N; + 0.0807 excess air

dy,

dy =..... 1b/ft?

b} At prevailing pressures and temperature.

ey 492 fl1a7+ 0.0361PBE-I_
o2~ “osl T +460 14.7 J

-----

8.16 Volume of Moist Kiln Exit Gases

Yge = N = ..., ft3 /ton clinker
o3
Weivae
VackmM = T = e ACFM

8.17 Kiln Performance Factors

These factors are often used to compare a given kiln performance with
another of similar dimensions.

a} Cooler air factor.

Expresses the specific air flow rate per square foot of grate area.

Veo
X X

B 5 SCFM ait/ft? of grate area




KILN PERFORMANCE & EFFICIENCY (ENGLISH SYSTEM) 91

b} Primary air velocity.

" The velocity of the primary air at the burner tip has a profound influ-
ence on the flame length and shape. For direct coal fired kilns one must
include the volume of water vapor present in the primary air to obtain the
proper velocity at the burner tip. This water vapor volume can be calcu-
lated from the percent moisture in the coal and converting this into the
actual cubic feet per minute by using the steam table given in Chapter 22,
Section 22.05. The resultant volume is then added to the flow rate calcu-
lated by the following formula:

Convert primary air flow, Vp,, from standard to actual conditions by
using

| 7
ACFM =+ oA =
Fpar {[Tpa +460
29.92 530
Pri ir veloci ACHM ft/min
=— = .., m
rimary air velocity AL, )

¢) Specific kiln surface area loading.
This expresses the kiln output in terms of daily tons per square foot of
kiln surface area.

Kiln surface area = (L, = 0.1667 Ly)aLl, = ..... ft2

24Wey

Specifi loading = ————=..... tpd/ft?
peciiic area 4 A tice pd/

d) Specific kiln volume loading.

This factor expresses the kiln output in terms of daily tons per cubic
foot of internal kiln volume. This factor is often used to determine if a
given kiln operates at, below, or above the design capacity for this kiln.

Kiln volume = m(%L; — 0.0833L,)2L, = .. ... £t
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24 Wey

Specific volume loading = —————
ft® volume

e) Specific thermal loading of the burning zone.

Experience with different types and sizes of kilns has shown that there
exists a relationship between the specific thermal loading of the burning
zone and the life expectancy of the refractory. The higher the specific
thermal loading, the shorter the brick life.

Burning zone surface = w(L, —0.1667L,)L, = ..... ft?
W4 We A
Specific thermal loading = —AE e Btu/h/ft?
B.Z. surface
where :
L, = lining thickness {inches)
L, = length of the burning zone

Bumning zone length, for this purpose, is defined as that length over which
a thick, dark coating is formed over the refractory.

f) Gas velocity in the calcining zone.
For wet kilns, w,, = Wg,,, — [0.9(H,0 4, from slurry)].
For all other kilns

gc am

Woe Wer

v = Shs o s i
«d = 7205, - 0.0833L, 7 it
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Chapter 9

KILN PERFORMANCE AND EFFICIENCY
(METRIC SYSTEM OF UNITS)

DATA NEEDED

Fuel Analysis {Qil or Coal—as Fired)

Ay = Percent ash = e
Ay = Percent hydrogen =
Ac = Percent carbon = ...
Ay = Percent nitrogen = ey g
Ao = Percent oxygen = ...
Ag = Percent sulfur . W aesu
Ay = Percent moisture E eee -
Ao = Heat value (kcal/kg) S e
A = Heat value (kJ/kg) 2 o
Coal Ash Analysis
Bg, = Percent SiQ, = s
B, = Percent Al,04 = .....
Br, = Percent Fe,04 =
Be, = Percent CaO = ...,

95



96 CEMENT MANUFACTURER’S HANDBOOK

Kiln Feed Analysis (Loss Free Basis)

Ce; = Percent 8i0; = ..
Cuy = Percent Al;0, = yes
Cr, = Percent Fe,04 = e
Ce, = Percent C20 S oz5:4s
Cyg = PercentMgO T ovaans
Cra = Percent Na;O = iusas
Cx = Percent K;0 -
Cg = Percent SO; = ...,
Crg = Percent ignition loss =g s
Cy = Percent moisture s N
Cisoo = Percent —4900 mesh = s
Capp = Percent +400 mesh = ...,
Ce = Percent organics = g s

Kiln Exit Gas Analysis (By Orsat)

Dpo, = Percent CO, (by weight) S e
Dpog = PercentCO (by weight) = ...
D, = PercentQ, {(by weight) = s
Dy = Percent N, (by weight) | = ..

Precipitator Outlet Gas Analysis

Ecp,= = Percent CO, (by weight) = s
Ep Percent O,  (by weight) = saEun

[}

2
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Ambient Air and Location *

Fp = Ambient air temp. (°C) B ivus
Fy = Percent relative humidity B ooeean
Fg; = Elevation (meters above sea level) = pzaus
Fg, = Barometric pressure (mm Hg) =l wuvan
Weights of Materials
We = Kiln output (kg/h) = L ....
Wyr = Dry feed rate. (kg/kg of clinker) Y.
W, = Fuel rate, as fired (kg/kg of clinker) = ...

Kiln Dust Analysis {Loss Free Basis)

Gg; = Percent SiO, 2 e
G4y = Percent Al,0, ) = ,....
Gp, = Percent Fe,0; C R
Gp, = PercentCa0 - B munse '
Gy = Percent K,0 = ...,
Gy = Percent SO, = .....
Gy, = Percent ignition loss = mevaw
G = Percent of collected dust that is returned to

the kiln (decimal) = ..
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Kiin Dimensions
L, = Kiln length (m)
L, = Kiln diameter (m)
L = Effective bumner tip orifice area (m?)
Ly = Length of chain section (m)
Ls = Total chain surface area (m?)
Le = Effective kiln feedend throat area (m?)
L, = Refractory thickness (mm)
Ly = Sum total of (all) chain length (m)
Ly = Kiln shell thickness {mm)
Lig = Kiln slope (degrees)
Operating Parameters
P, = Hood draft (mm H,0)
Pg, = Feed end draft (mm H,0)
Py, = Kiln speed {rpm)

Clinker Analysis (Loss Free Basis)

Percent SiO,

Percent Al,0,

Percent Fe,04

Percent CaO

Percent MgO

Percent SO4

Percent alkalies (total as Na,0)

= Percent ignition loss

It

howonon

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

.....

......

.....
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Temperatures (Celsius) ;
Te = Feed entering kiln S i v
Ts, = Secondary air = ...
Tp, = Primary air = cwcan
Tae = Kiln exit gas = L .34
Tq, = Cooler stack = e
To = Clinker at cooler exit = ...,
Tw = Fuel as fired ' ST
Ty, = Average shell, lower third = ...,
T, = Average shell, middle third £ oweigs
Ty, = Average shell, upper third = weens

T = Kiln room = e

~ Air Volumes (Standard m* /s @ 0 C, 760 mm Hg)

Vea = Primary air flow = ... :
Ves = Cooler vent stack = e
Voo = Totalairinto cooler = ..., 5
Vae = Kiln exit =
Dimensions

X, = Cooler length, grates, (m} = ...

X, = Cooler width, grates, (m) = osizgs

X3 = Total effective area of hood opening (m*)

where ambient air is infiltrated = L ....
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CALCULATIONS

For detailed descriptions and notes pertaining to the formulas given,
refer to the previously given formulas in the English system of units.

9.01 Amount of Feed Required to Produce

One Kilogram of Clinker
a = 001784 Cg,
b = 00209 Gy
¢ = 001 Cus
d = 001 By
e = 001 Cre
f = 0.00075 Cg, + 0.0035C,,

Subtotal =

100 - Hyg
g = subtotal |——
100

Subtract ash in clinker

b e, (0
% \100\ 100 - Cp,

kg feed required per kg clinker

9.02 Dust Loss

Dust losses are expressed in terms of equivalent feed.

kl = wdF""i

.....

.....

.....

.....

.....
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ky=2 — B anis « percent

Tn the absence of reliable data for actual feed usage, W, can also be deter-
mined as follows:

yo o100 | (100-Gp)  (100-Hp) )
F T 100-Cp | O\ 100 10 /T

where

Wy, = kg of dust wasted per kg clinker
“™ can be found in 9.01.

9.03 Potential Clinker Compounds and Clinker Factors

- C38 = 4-07HCa‘(7-6Hsi+6'72H.41+1-43HFe
+285Hg) = .....
Czs = 2.87HS‘—0-75C35 = gEyuu
CaA = 2'65HA1-1'69HF8 = awess
C4AF = 304 Hp, = L Lins
100H-~, *
LSF = = = ...
28Hg+1.65Hy+035HE,
H
S/R =S = ygun
Hy tHp,
H
aF =4 = ...
HFe ’

Percentliquid = 1.13CsA+135CiAF+Hy +Hypye = ...
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9.04 Theoretical Heat Required to Produce
One Kilogram Clinker

1 = 4.11 Hy, + 648 Hy +7.646 Hp, - 5.116 Hg
~059H,, = ..... keal/kg

§.05 Percent of Infiltrated Air at Kiln Feed End

First, solve the following equation for x:

E 378E D
92 (100 +x) + ———22 (100 +x) - 478 —2
100 100 100

X =

The percent of infiltrated air is found by the following formula:

9.06 Excess Air Present in the Kiln

. 18(20Dp,-Dcg) _ _
Dy - [1.89 (20D, ~Dco)]

-----

9.07 Combustion Air Required to Burn
One Kilogram of Fuel
(Solid or Liquid)
o= (1 + _m_) 011594 4.+ 0.34783(AH _‘_4;2)
100 8
+0.04348 Agt =..... kg air/kg fuel

Note: For gaseous fuel see 13.01 in Chapter 13.
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9.08 Weight of Combustion Air Required per Hour
.Wl = WC"WAO = 0% v 9 kg/h

Note: For gaseous fuel see 13.01 in Chapter 13.

9.09 Air Infiltration at Firing Hood

ws = 11,7203X, (1.157B,)* = ... kg/h
w

z = Percent infiltration = — 100 L — percent
Wy

9.10 Cooler Air Balance

wy = 4654.44 Vp, 2 iy kgfh
Wi = W; —Wg W =_.... kg/h
wy = 465444V, B i 1 kgfh
w, = 465444V, . =..... kgfh
Wy = Wy=Wz —W;3 Sans g kg/h
Note:
i = ~10=.....

The percent primary air is:

w
2100=.....
Wy

The =ir utilization efficiency of the cooler can be expressed by the follow-
ing formula:
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W
efficiency = — 100 = .....

9.11 Products of Combustion

CO, from fuel = 0.03667 Ao W, = _....
S0, from fuel = 0.02 AW, = e
H,0 from fuel = 0.09 4,;W, T

]

A
N, from fuel [}—% +3.3478 (0.0267A, + 0.01 A

+0.084, -0014,)} W, = .....
Subtotal: = .....

Add excess air: b (subtotal) = wewad
100

ws = Total ' 2 o v 8 kg/kg clinker

Note: For natural gas firing, use the formula 13.08 in Chapter 13,

9.12 Weight of Gases from the Feed

CO, from feed = (1+05k,)(0442+0.52168) = .....
100W; g

H,04,,, from feed i00-c, -Wyp = ...,

HO e from feed = (1+&2)f = piesy

wy = Total . kg/kg cl.

Note: The assumption is made that the wasted dust has been 50 per-
cent calcined. Finda, b, fin 9.01 and k; in 9.02.
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9.13 Total Weight of Kiln Exit Gases

Adding the products in 9.11 and 9.12 gives the total weight of exit gas.

CO; from fuel = .....
CO, fromslurry = .....

TotalCOp, = .....
H,0 from fuel = auvan
H,0 from feed S L.sis

Total Hgo P
50 percent of SO, from fuel : Total 50, = .....
N, from combustion : TotalN; = .....
Excess air (see 9.11} : Excessair = .....
Wem = Total moist gases B kg/kg clinker
Dry gases = Wgq = Wgp = total H,O = g g s ka/kg

9.14 Percent Moisture in Kiln Exit Gas

W, -
Percent H,O = Hgm =~ Vgd 100 = ..... percent
9.15 Density of Kiln Exit Gas

aj At0C,760 mm Hg

1.977C0, + 2.92780, + 0.806H,0 + 1.251N; + 1.2928 excess air
= T

do, Wem

Note: Use calculated values from 9,13 for CO,, 80,, etc.
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b) At prevailing pressures and temperatures

d =

o2

60 — 0.0736Pg,

- 2132 \[7
1\ Tp, +27322

760

9.16 Volume of Moist Kiln Exit Gas

wgm'
d, i

_ (vpe)(Wen)

3600

9.17 Kiln Performance Factors

a) Cooler air factor.

Veo
X X,

.....

b) Primary air velocity.

m? /s @t = Vpa

m?®s/m? grate area

Tpq +273.2 760

Primary air velocity =

2732

FBar

m? /s (act) _

n (%L, )?

s e

) = ... kg/m?

-----
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¢) Specific kiln surface area loading.
Kiln surfacearea = (L, ~0.002L)nLy= ..... m?

UWe
1000 (m? surface)

Specific area loading =

d} Specific kiln volume loading.

Using the “inside lining” kiln volume, the specific volume loading in
terms of daily metric tons production is calculated as follows

24 Wey

Specific volume loading = =..... daily t/m?
pestli-woTIs 8 1000(m? volume)
e) Specific thermal loading of the burning zone.
Bumning Zone surface =7 (L, ~0.002L,)L, =..... m?
W (W, )
Specific ‘Thermal loading = (—i);(cj-‘lg— = ... kcal/h/m?
(m?* surface)
Wy Y(Wed(A
= M = KI/h/m?
{m? surface)
where !
L, = lining and coating thickness (mm)
L, = length of burning zone (m)
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- Chapter 10

HEAT BALANCE
(ENGLISH SYSTEM OF UNITS)

In Chapter 12 there are graphs that show the mean specific heat for
gases and solids at stated temperatures. In all the formulas given, “Q” de-
notes the heat content (Btu/ton clinker) and “c,,” denotes the mean spe-
cific heat of the gas or solid at the stated temperature.

HEAT INPUT

10.01 Heat Input from Combustion of Fuel

Q=Wyd, = ..... Btu/ton

10.02 Heat Input from Sensible Heat in Fuel

Q=Wep,(Teg-3)=..... Btu/ton

10.03 Heat Input from Organic Substance in Kiln Feed

It is assumed that the organic matter in the kiln feed has a constant
heat value of 9050 Btu/1b.

111
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- (find g in 8.01).

10.04 Heat Input from Sensible Heat in Kiln Feed

W,p € (T, —32) =S

(H.0 in slurry(Tx - 32) PV

&
0,

10.05 Heat Input from Cooler Air Sensible Heat

60
Q=w, (W—)(cm) Fi-32)=..... Btufton

Cl.

(find w, in 8.10).

10.06 Heat Input from Primary Air (Sensible Heat)

Make sure to include in this calculation only that amount of primary air
that originates from ambient source. Do not include the fraction of pri-
mary air that has its origin from the cooler air.

60
Q= w4(— m (T=32)=..... Btu/ton
Wer

(find w, in 8.10) .
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10.07 Heat Input from Infiltrated Air (Sensible Heat)

When the temperature in the area of the firing hood is significantly dif-
ferent from “T”, use the appropriate temperature in the ensuing calcula-

tion.

60
g=w o c (T=-32)= ..... Btu/ton

(find ws in 8.09).

Note: The fuel efficiency, i.e., the specific heat consumption of the
kiln under investigation, is given by the result obtained in 10.01.
One must keep in mind that this value is expressed in terms of gross
Btu per ton of clinker, A footnote should be used to state whether
the fuel efficiency is expressed in net or gross Btu per ton clinker to
avoid confusion when this fuel efficiency is compated with European
kilns that state this efficiency exclusively as net Btu per ton,

HEAT OUTPUT
10.08 Heat Required for Clinker Formation

Obtain this directly from 8.04.

= ... Btu/ton

10.09 Heat Loss with Exit Gas

- The heat loss in the exit gas is calculated from the heat content of each
individual gas component. The weight of each component can be obtained
from 8.13. :
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Cco, = Wep,tm (Tge —32) S oisves
Cry0 = Wh,0®m (Tgg—32) = _....
Oso, = Ws0,6m Tar—32) _ = avsus
On, = Wy, Cm (Tgr—32) = s

“
Qexcess air = Wexcess air ©m (TBE - 32) """

10.10 Heat Loss Due to Moisture in Feed or Slurry

In 8.13, the total amount of water, including the chemically combined
water, has been calculated. This weight is used in the following calculation.
Keep in mind that the result obtained represents only the amount of heat
that has to be expanded to turn the given weight of water into steam at
32 F. The heat losses associated with raising this steam to the kiln exit gas
temperature have already been included in 10.09.

Q= Wimn,o) 10758 = ..... Btu/ton

10.11 Heat Losses Due to Dust in Exit Gases

Q= ke, (TBE =32) B v Btu/ton

(find &, in 8.02)-
10.12 Heat Loss with Clinker at Cooler Discharge

Q = 2000c,, (T =32) = ..... Btu/ton
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10.13 Heat Loss at Cooler Stack

60 ‘
Q=wy —¢Cp (Tsr=32) = ..... Btu/ton
Wer

(find w; in 8.10).

115

10.14 Radiation and Convection Losses on Kiln Shell

The shell temperature is measured over the entire length of the kiln in
five-foot intervals by means of a radiation pyrometer. The total kiln length
is then divided into three equal areas and the average shell temperature,
Tz, is calculated for each zone. In Chapter 13, a graph is given that shows
the heat transfer coefficient,@ |, to be used in the following calculations.

Let

@

0,

s

= s_,?"(Tz_,, ~7) — =

kiln shell surface area,

1
S,?(Tzl—nw—c! =

Ss?(Tzz -T) L =

Wer

1
Wer

.....

-----
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It is advisable to plot the temperatures found on graph paper to have a
record available that shows potential weak areas in the lining or any sig-
nificant changes in temperatures when the kiln is tested again at a later
time.

10.15 Heat Loss Due to Calcination of Wasted Dust

This heat loss refers only to that fraction of dust which is wasted and
not returned to the kiln.
Calculate first the percent calcination of the kiln dust:

The heat loss due to calcination of the wasted dust is determined by
Q=8 TCyy (685.1) = ..... Btu/ton

(find g, b, i in 8.01 and k; in 9.02).
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Chapter 11

HEAT BALANCE
(METRIC SYSTEM OF UNITS)

In the appendix, the reader will find graphs for the mean specific heat
of gases and solids that will be used in the ensuing calculations. In all the
formulas given, “Q” denotes the heat content (kcal/kg), “Qy” (k¥/kg), and
“cs” the mean specific heat in terms of (kcal/kg)(C), “c;” in terms of

(kI/xg)(C).

HEAT INPUT
11.01 Heat Input from the Combustion of Fuel

Q = W4, — T— keal/kg
Qy Wy A, =, . ... kJ/kg clinker

11.02 Heat Input from Sensible Heat in Fuel

Q0 = We,Ts =.... kealfkg
gy = WqTy =.....kI/kg clinker

i 118
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11.03 Organic Substance in Kiln Feed

It is assumed that the organic matter in the kiln feed has a constant
heat value of 5028 keal/kg and 21,036 kJ/kg.

0 = ~— 5028 = kcal/k;
..... c
O, = 21,036 = kJ/kg clink
..... er
J g 100 b g

11.04 Heat Input from Sensible Heat in Kiln Feed

Ql = wdFCm TC B o e
(kg H20 in slurry) T -

2
H

QJI = wchiTC s I

Q;, = (egH;Oinslurry) T 4.184 = ... ..
Qriotal = +---- kJ/kg clinker
11.05 Heat Input from Cooler Air Sensible Heat

1

@ =w Veor cm Fr = g g kcal/kg
1 :

o, =w, D_V_- c;Fr sy kJ/kg clinker
C : .

(find w, in 9.10).
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11.06 Heat Input from Primary Air Sensible Heat

Include in this calculation only that amount of primary air which origi-
nates from the atmosphere. Do not include the fraction of primary air
that has its origin from the cooler.

1
Q = Wy ——Cpfr By s kealfkg
Wer
1 .
Q; =ws — oFr =, , kJ/kg clinker
Wer

(find w, in 9.10).

11.07 Heat Input from Infiltrated Air Sensible Heat

" When the temperature in the area where the majority of the infiltration
takes place, is significantly different from “T”, use the appropriate tem-
perature for this calculation.

1

Q =wg —c,T = sani kcalfkg
Wer ‘
1
Q; =ws ——qf S e v kJ/kg clinker
Wer
(find ws in 9.09).
HEAT OUTPUTS

11.08 Heat Required for Clinker Formation

For “Q” in terms of kcal/kg, the result of 9.04 can be entered here
directly.
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0= ..... kcal/kg cl.

In the International system of units (SI) this heat fraction is calculafed
as follows:

Gy = 61902H,,+97,599 Hyy, + 115,161 Hy,
— 77,055 Hy, - 8886 Hpy, = ... kJ/kg clinker

11.09 Heat Loss with Kiln Exit Gas

The heat loss in the exit gas is calculated from the heat content of each
individual gas component. The weights of these components has been cal-
culated in 9.13.

Cco, = Weo,SmTRe , S isgun
Q.0 = Wg,0%m Tpe =R
QSO: = wSOzcm TBe = ipavE
On, = wNicmTBe = Liana

Qexcssair = Wexcess air Om TBe """
Total, @ = ..... kcal/kg

In terms of the International system of units (SI):

Orcosy = Yco,%7pe = ...
Qo) = Way04T5, = ...
QJ(S():) = Ws0,¢7Tg, ) = e
Crvy) = Wy,¢Tpe — S
Orexcesssiry = Wexcess air €1 TBe B i

Total, @y = ..... kJ/kg clinker
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11.10 Heat Loss Due to Moisture in Feed or Sharry

@ = Wi Hy0 5971.7 = ..., keal/kg
Qr = Wil 0 2500.8 . JR— kJ/kg clinker

The total weight of water, (Wyq4q ,0) can be found in 9.13. The re-

sults obtained represents only the amount of heat that has to be expanded
to turn the given weight of water into steam at 0°Celsius. The heat losses
associated with raising this steam to the kiln exit gas temperature have
been included in 11.09,

11.11 Heat Losses Due to Dust in the Kiln Exit Gases

Q@ =key Ty, = .,,.. keal/kg
Qr = k¢Tg, =, ... kJ/kg clinker

(find &, in 9.02).

11.12 Heat Loss with Clinker at Cooler Discharge

Q = Oy TC; B e o kcal/kg
g, = ¢ Ty _ Ry kJfkg clinker

11.13 Heat Loss at Cooler Stack

Q =—¢,Tg = keal/kg
Wer
W»

Qy =——1¢Tg £ oy kJ/kg clinker
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11.14 Heat Losses by Radiation on Kiln Shelt

In the appendix find the heat transfer coefficients 9‘ " (kcal/m*h C)
and 9} (kJ/m2h C) for the average shell temperature, T, in each zone of
the kiln.

Let
s, = kilnshell surface area,
L
s, = nL,—B—l = e woee m?
— 1 -
0 = 8,9, Tz, =D 5 000 = e
- ?« 1 =
Qﬁ = 857 m (Tzz - T) -ﬁ"; = v
— 1 —
0 = ,FmTz,-1) Wer ® wiuse
Total, @ = ..... keal/kg
In the International System of Units (SI)
1
= g o A— —_— B aeas
0, = 58Tz, =1 o~
- I —
0, = 46 F Tz, = = e
. 1 .
0y, =5 j(Tz?!—T) ;C"—' B! 4 aee

Total, @y = ..... kJfkg clinker
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11.15 Heat Loss Due to Calcination of Wasted Kiln Dust

Calculate first the percent calcination of the kiln dust:

a+tbh
TCyyet ; Wapka = ..... kg
Then,
Q0 = ¢ TC,,,3806 = e keal/kg
Q; = TCyu 15925 = i kJ/kg clinker

Note: Include this peat loss in the heat balance only for that frac-
tion of the dust that is wasted and nor returned to the kiln.

(find ¢, b, i in 9.01 and k; in 9.02).
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HEAT BALANCE
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Heat Input

keal/kg

ki/kg

Percent

1101

Combustion of fuel

11.02

Sensible heat, fuel

11.03

Organics in feed

11.04

Sensible heat, kiin feed

11.05

Sensible heat, cooler air

11.06

Sensible heat, primary air

11.07

Sensible heat, infiltrated air

Total:

100

Heat Output

keal/kg

kI/kg

Percent

11.08

Theoretical heat required

11.09

Exit gas losses

11.10

Evaporation

11.11

Dust in exit gas

11.12

Clinker discharge

11.13

Cooler stack

11.14

Kiln shell

11.15

Calcination of waste dust

Unaccounted losses

Total:

100

- Note: Unaccounted losses are calculated by difference.




Chapter 12

TECHNICAL INVESTIGATION OF
THREE KILN MODELS

Introduction

Models of a wet process, a dry process, and a suspension preheater kiln
are given here and their performance characteristics have been calculated
in accordance to the formulas given in this chapter. The data are selected
values of kiln parameters typical to these types of kilns when they are
operated efficiently and properly maintained.

Data

Fuel analysis

(applied to all three kilns and stated on a “as fired” basis)

A, = 17 A, =91

A, = 48 A, =21

A, = 744 A, =05

A, = 14

A; = 13,240 Btu gross/ib, 12790 Btu net/Ib, 7106 kcal/kg

126
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Kiln Feed Analysis floss free)

Wet kiln Dry kiln Preheater
Cop ™= 21.1 205 21.3
Cqy = 6.5 6.7 6.5
Cpe = 2.9 3.1 2.8
Cop ™ 66.4 66.9 66.8
Curg = 1.5 1.5 1.2
o = 03 03 0.3
Cy = 0.85 0.55 045
Cg = 0.1 0.1 0.1
Ep = 35.3 35.5 35.6
Cy = 325 0.8 0.4
Cp = 2.70 2.71 269
Kiln Exit Gas Analysis

Wet kiln Dry kiln Preheater
Do, = 26.4 26.3 28.1
Deo = = = -
D, = 1.1 13 1.2
B = 72.5 72.4 70.7
Ambient Air (applies to all three Kilns)
Merric

FT = 22
Fpy = 29.65in. Hg 753 mm Hg
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Weights
Wet kiln Dry kiln Preheater
English Metric  English Metric English Metric
Wey = 315 28580 759 68860 1215 110220
War = 3220 1.61 3140 1.57 3100 1.55
W, = 366 (0.183 313 0.157 225 0.113
Kiln Dust
Wet kiln Dry kiln Preheater
G yy 199 13.5 73
G = 0.8 1.0 1.0
4 Kiln Dimensions
Wet kiln Dry kiln - Preheater
’ English. Metric English  Metric English  Metric
Ly = 425 129.5 525 160.0 215 65.5
L, = 11.25 3.43 15.5 4,72 14.2 4.33
Ly = 6 0.152 6 0.152 9 0.23
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Temperatures : [
Wet kiln Dry kiln Preheater
°F & °F ) = °F °C
Te = 75 24 125 52 105 41
Tp, = 180 82 180 82 180 82 :
Tge = 345 174 975 524 485 252
Ty, = 285 141 485 252 515 268
Ty = 165 74 175 79 185 85
Tp = 75 24 7 24 75 24
Tz1 = 565 296 585 307 560 293
TZ2 = 455 235 485 252 510 265
TZ3 = 225 107 395 201 175 79
T = 85 29 85 . 29 85 29
Volumes
Wet kiln Dry kiln Preheater ,
English  Metric  English Metric English  Metric! *
Vp, = 4195 187 9335 417 10640 475
Ve, = 45325 2024 117795 5260 178260  79.60 :

Vex = 17430 7.78 72106  32.18 122009 54.55
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Other Parameters
Wet kiln Dry kiln Preheater
English  Metric  English Metric  English Metric
P, = —0.05 -1.27 -0.05 -1.27 005 -1.27
X = 50 15.2 94 28.7 135 41.1
Xa = 7 2.13 8.5 2.59 9 2,74
X3 = 114 0.074 260 0.168 225 0.145
Clinker Analysis
Wet kiln Dry kiln Preheater
He, = 21.8 20.83 21.7
Hy = 6.8 7.0 6.7
He, = 3.2 33 2.9
Hey = 65.9 66.4 66.3
Hyg = 1.2 14 1.0
He = 0.2 03 0.8
HA”{ = 0.58 0.62 0.85
= 0.20 0.15 0.25
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TECHNICAL INVESTIGATION OF THREE KILN MODELS

HINVIVE LVAH
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Chapter 13

SPECIFIC HEATS, HEAT TRANSFER
COEFFICIENTS, AND
COMPUTATIONS FOR NATURAL GAS FIRING

Compiled in this chapter, are the important parameters an engineer
needs to complete a kiln investigation as outlined in Chapters 8 through 11.

Here the engineer will find the graphs that show him at a glance the ap-
propriate specific heat and heat transfer coefficient to be used for his com-
putations. The reader is advised to make use of the appropriate graphs and
formulas in accordance with the particular system of units employed
(English, metric, or S.1.) for this study. Failure to use the proper applicable
system of units can introduce large errors in the result obtained.

The formulas shown in Chapter 8 through 9 apply to kilns fired with
coal or fuel oil. In this chapter, the appropriate formulas for gas firing
which should be used in Chapter 8 and 9 are also shown.

137
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Mean specific heat, ¢, (kcal/kg
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Mean specific heat, ¢,, (kcal/kg °C)
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Mean specific heat, c,,, (kcalfkg °C)
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Mean specific heat, ¢,,, {(kcalfkg °C)
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Mean specific heat, ¢, (kcal/kg °C)
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13.13 Computations for Natural Gas Firing

Analysis of natural gas fuels are usually expressed in terms of percent
by volume which is the same as molar proportions. The formulas given
below allow for combustion calculations in terms of the unit production
of clinker. Hence, the results obtained are expressed in the same terms as
the results computed in this study for liquid and solid fuels.

Data required:
Analysis of natural gas

Percent by volume
expressed as a decimal

a; = CO,, carbon dioxide = e

by = Ng, nitrogen =

¢; = CHs, methane = e
dy = CyHg, ethane = a v
ey = C3Ha, propane = ...

fi = C4Hjp, butane (iso + N-butane) = ...
g1 = CgHya,, pentane (iso + N-pentane) B 5w

Fuel rate

W,

a

ft® gas/ton of clinker _ ‘

or

m? gas/kg of clinker B o

Combustion air required (items 8.07 and 9.07 for natural gas firing).

When English units are used in this calculation, the result is also ex-
pressed in English units. Likewise, when metric units are used the results
are expressed in metric terms.
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9.55¢; W, = ...,
16.70d, W, = ...
23.86e, W, = ...
31.02f, W, = s g
38.19g, W, = ...

Subtotal : = ..... .

m
o = Total air required = (subtotal) (l + i—(—)a)= ..... ftfton

Weight of combustion air entering kiln (items 8.08 and 9.08 for natural
gas firing).

English units:

. W
wy ={—=0.0810 = ..... Ib/min
60

Metric units;

wy = (Wc1)129760 .....

g

Products of combustion (items 8.11 and 9.11 for natural gas firing).
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a) English system of units

W, [0.123¢, +0.246d, + 0.368¢, +0.52f;
+0.602g; +0.123g,] =

CO, from fuel

H,0 from fuel

N, from fuel = W, [0.597¢; +1.0484, + 1.479¢; +1.92f,
+2.406g, +0.0785,] =

Subtotal =
m

Add excess air: ——— (subtotal) =
100

we = total combustion product = ..... 1b/ton cl.

b) Metric system of units

€O, from fuel
+ 1.97a1] =

H;0 from fuel

N, from fuel = W, [9.55¢; + 16.70d; + 23.86¢; + 31.02f,
+38.19g; + 1.25b,]
Subtotal =

m
Add excess air: —— (subtotal =
s air: T ( )

we = total combustion product = ... .. kg/kg clinker

W, [0.1¢, +0.15d; +0.196e, +0.252f; +0.315g,

.....

.....

W, [1.97¢; + 3.94d; + 59¢, + 8.33f; +9.645,;

.....

W, [1.6¢, + 24d, +3.14¢, + 4041, +5.05g1]

.....

.....

.....



Chapter 14

USEFUL FORMULAS IN
KILN DESIGN AND OPERATION

14.01 Cooling of Kiln Exit Gases by Water

Any moisture introduced into the gas stream is ultimately transferred
into superheated steam and, in doing so, absorbs heat and cools the exit
gases. The equations can be solved for any one of the unknowns if the
other variables are known.

aj English system of units

w20.248(ty —t3) = w1(1182.3 — £3) + wy (0.48)(t; ~ 212)

b) Metric system of units

W,(0.248)(Ty ~ T;) = W,(656.8 — T3) + W (0.48)(T; — 100)

153
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where

water addition rate
weight of exit gas (dry)

uncooled gas temperature .

cooled exit gas temp.
water temperature

14.02 Kiln Feed Residence Time

wy = lbjtoncl.
w, = Ib/ton cl.
ty =°F
t, =°F
Iy = °F

W, = kgfkg cl.
W, = kg/ke cl.
T, =°C
T, = °C
T3 = OC

The approximate time taken by the feed to travel the length of the kiln
can be calculated by the following formulas:

a) English system of units

b) Metric system of units

where

T = travel time (min.)
x = length of kiln (ft)
L = length of kiln (m)
N = kiln speed (RPH)
d = kiln diameter (ft)
D = Kkiln diameter (m)
S =

slope of kiln (ft/ft) or (m/m)

11.4x
NdS

114L
NDS
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14.03 Kiln Slope Conversion

Slope in./ft m/m Angular

degrees
Y in. 0.250 0.0208 1.192
5/16 in. 0.3125 0.0260 1.492
3/8in. 0.375 0.0313 1.790
7/16 in. 0.4375 0.0365 . 2.088
% in. 0.50 0.0417 2.386
9/16 in. 0.5625 0.0469 2.684
5/8in, 0.625 0.0521 2,981
11/16 in. 0.6875 0.0573 3.279
% in. 0.750 0.0625 3.576
13/16 in. 0.8125 0.0677 3.873
7/8 in. 0.875 0.0729 4.170
15/16 in. 0.9375 0.0781 4.467
1in. 1.000 0.0833 4.764

Slope is often expressed also as a percent of the kiln length.

ft/ft slo
(ft/ft slope)L it

Percent slope = 0 L = kiln length
y (t)
(m/m slope)L,, L, =kiln length
= ———— 100 (m)
Lm

'14.04 Kiln Sulfur Balance

If a kiln performance study has been completed as outlined in Chapters
8 and 9, the necessary data below can be obtained from the data sheet given
in these Chapters.




156 CEMENT MANUFACTURER’S HANDBOOK

aj) English system of units

Data needed:
A, = percent sulfur, S, in fuel (as fired) = ...
W, = Ib fuel per ton of clinker (as fired) = i
Cg = percent SO, in kiln feed B ey
W,r = Ibdry feed per ton of clinker = ...,
Hg = percent 805 in clinker L
G, = percent SO; in dust = eeean
K = Ib dust per ton of clinker (to be calculated) LI
G = percent of collected dust that is returned to kiln
(expressed as a decimal) = amaas
SULFUR (803) BALANCE

Input b/t ¢l Qutput b/t cl*

Fuel : 0.024974,W, ..... Clinker : 20 H€H ...

Feed : (Cg/100)W4p ..... Dust :(1=-G)Gg/100)K .....

Dust : G(Gg/100)K ..... Exitgas : ...

Total:  ..... Total: .....

*1b/ton clinker
Note: Sulfur in the exit gas is calculated by difference to make the two sides
equal.
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b) Metric units

A, = percent sulfur, S, in fuel (as fired) T s
W, = kg fuel per kg clinker (as fired) S s s
C, = percent 8O3 in kiln feed = .....
Wsr = kgdry feed per kg clinker ' LIy
H, = percent SO in clinker B asig
G, = percent SO; in dust o v g
K = kg dust per kg clinker € e
G = percent of collected dust that is returned to kiln
(expressed as a decimal) = ey s
SULFUR, 503 BALANCE
Input ke/ke cl. Output kg/kg cl.
Fuel : 0.024974, W, ..... Clinker : 0.01H, ...
Feed : 0.01C,Wyp  ..... Dust : (1-G).01GK .....
Dust : 0.01GGK ..... Exitgas : ...
Total: ..... Total:  .....

Note: Exit gas concentrations are calculated by difference to make the two
sides equal in the total.

14.05 The Standard Coal Factor,
Combustion Air Requirements

To determine the approximate combustion air needed to bumn a given
unit weight of coal, the formulas given below can be used when no uitimate
coal analysis is available. The combustion air requirements include here 5
percent excess air.
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a) English units

100 -2 b
100 12,600

SCF =

1b air/Ib coal = 10.478 SCF

b) Metric units

100-a B
SCF = —e
100 7000

kg air/kg coal = 10.478 SCF

14.06 Cooler Performance

SCF = standard
coal factor

a = percent
moisture
in coal (as
fired)

b = heat value
of coal
(Btu/Ib as
fired)

B =heat value
of coal
(kcal/kg
as fired)

English units Metric units
w = Adhd w = Ahd
w w
r =———60 r = — 60
2000 Wy Wer
wee(ty ~t2) wep(t) —t2)
q e q W i e —"
(T2 = 1) (T2 =Ty)
q q
G = — G = —
r
weal(ty —1t wee{ty — 1)
T, = e (8 1)+T1 T, = e (1 2+1
qcy qcq
- Qe —0
p =29 45 E ==<"21 100
Qc Qc
Q, = 2000c,(t; — 32) Q, = cota
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where
English Metric

A = cooler grate area ft? m?

¢, = mean specific heat of clinker

¢, = mean specific heat of air

d = clinker density Ib/ft? kg/m?
E = thermal efficiency of cooler

f = constant, 1.17

h = clinker bed depth ft m

g = cooling air required b ke
'q,, = cooling air required 1b/min kg/min
r = clinker residence time min min

t, = temperature clinker in °F °C
't; = temperature clinker out °F °C

T, = temperature air in °F °C

T, = temperature air out of clinker °F °C

Q. = heat content of clinker, cooler in Btu/ton keal/kg
(; = total heat losses in cooler Btu/ton kealfkg
w = weight of clinker in cooler Ib kg

Wg, = kiln output tph kg/h

Note: The cooler heat losses, 3y, can be obtained from the heat balance and
radiation losses are estimated at 0.07Q, for grate coolers, 0.10Q, for planetary
coolers. (?; must include all losses {clinker at discharge, cooler stack and radi-
ation losses).

14.07 Combustion Air Required for Natural Gas Firing

In the absence of a complete analysis of the gas, the air requirements
can be estimated from the following table. This table is based on natural
gas with a heating value of 9345 kcal/m® (1050 Btu/ft?).
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03 Percent CO, Air required
exit excess combustion 1b per kg per
gas air product per- million 1000
cent by weight Btu kcal
0.5 — 12.2 740 1.332
1.0 5.0 11.4 780 1.404
1.5 8.0 11.2 810 1.458
2.0 10.0 ‘ 10.8 830 1.494
2.5 13.0 10.5 850 1.530
3.0 16.5 10.3 870 1.566
35 20.0 9.8 890 1.602

14.08 Products of Combustion on Natural Gas Firing

One standard cubic foot of gas, when burned, yields the following com-
bustion products:

Co, = 0.1297Db
H,0 = 010200b
Nz = 069291
0, = 0.02291b

Total=  094741b

| One standard cubic meter of natural gas, when bumed, yields the
following combustion products:
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co, = 20778kg
Hgo = 1.6340 kg
N, = 11.1003 kg
0, = 0.3669 kg
Total = 15.179 kg
14.09 Percent Loading of the Kiln
WeiWarT
Percent loading = —ctar_
d 60V
where
English Metric
W = kiln output ton/h kg/h
Wyr = feed rate 1b/ton cl. kg/kg cl.
T = residence time (see 6.02) min min
d, = bulk density of feed ) Ib/ft? kg/m®
¥ = internal kiln volume ft? m?

14.10 Cross-Sectional Loading of the Kiln

The formulas given here are applicable in either the metric or the English
system of units.



162 CEMENT MANUFACTURER’'S HANDBOOK

¢ = radians

r = radius inside
lining

A; = area occu-
pied by
feed

A, = — (@ -sin8)

7
2

A
percent loading = —— 100
r?

14.11 Flame Propagation Speed

For coal fired kilns, the primary air velocity should be at least twice as
high as the flame propagation speed to prevent flash backs of the flame.
Flame propagation is usually considerably lower than the velocity needed
to convey coal dust by means of primary air into the kiln. Therefore, the
minimum velocity necessary to convey coal without settling in ducts takes
precedence over flame propagation speed when setting air flow rates or
designing new bumers (minimum velocity needed in ducts to prevent set-
tling: 7000 ft/min, 35 m/s). Coal burners are usually designed to deliver a
tip velocity of 9000-13,500 ft/min, 45 to 70 m/s.
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ENGLISH UNITS
Primary air Flame propagation (ft/min)
ft3 /1b coat 30 percent VM 30 percent VM 10 percent VM*
S percent ash 15 percent ash 7 percent ash
20 950 200 500
40 2250 1900 300
60 2800 2300 1300
80 2750 2180 1240
100 2550 1900 1050
120 2320 1670 930
140 2150 1500 840
160 2020 1350 750
180 1900 1250 690

*volatile matter

METRIC UNITS

Primary air
m? Jkg coal

Flame propagation (m/s)

30 percent VM
5 percent ash

30 percent VM
15 percent ash

10 percent VM
7 percent ash

— 0D 00~ Oh L e L) e

e —

4.0

8.8
13.0
144
14.0
131
12.2
114
10.8
10.3

9.8

39
7.5
11.0
11.7
11.1
10.0
9.0
-B.1
7.5
6.9
6.6

2.2
3.8
54
6.7
6.3
5.5
4.9
4.5
4.1
3.8
36
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14.12 Kiln Drive Horsepower

ENGLISH UNITS

a) Friction horsepower

Wwd ,d,.NF0.0000092
d,

hpf =

b) Load horsepower

hp, = (Dsin8)*NLK

¢) Total kiln drive horsepower
hDyoral = Hpp+ hpy
KW = (hpyoea)0.745

Note: Actual power input is usually 0.4 t0 0.6 of
hpiotat:

To calculate the load horsepower use the following
approximate values for sin 0:

Percent kiln loading : 5 10 15
sin 6 . 059 073 082

W = total vertical
load on rol-
ler shaft
(1b)

d,, = diameter of
roller shaft
bearing (in.)

d, = diamter of
tire (in.)

d, = diameter of
rolls (in.)

N =kiln speed
(rpm)

F = coefficient
of friction
(0.018 for
oil, 0.06 for
grease lubri-
cated bear-
ings)

L =kiln length
(ft)

K =constant,
(.00076

D = kiln diame-
ter (ft)
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. METRIC SYSTEM

a) Friction horsepower

_ 0.000007873Wdyd, NF

pmf = d
b) Load horsepower
hp,,; = 0.086832(D sin 6)’NL

¢} Total kiln drive horsepower

M total = APy t BDmy

KW = 0.7355hp,, 400

For sin @, use the following approximate values:

Percent kiln loading : 5 10

sin : 059 073

W = total vertical
load on rol-
ler shaft
(kg)

d, = diameter of
roller shaft
bearing
(cm)

d, = diameter of
tire (cm)

d, = diameter of
rolls (cm)

N =kiln speed
(rpm)

F = constant,
0.018 for
oil, 0,06 for
grease lubri-
cated bear-
ing

L =kiln length
(m)

D = kiln diame-
ter (m)

14.13 Theoretical Exit Gas Composition, by Volume

In Chapter 9, Section 9.13, the total weight of the exit gas components
were calculated. In many studies, it is desirable to express this composi-
tion in terms of percent by volume. The following steps are taken to ac-
complish this. The formulas can be used for either English or metric units.
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Step 1: Convert weights of each component into Ib-moles or kg-moles
as follows:

weight of CO,
T = s e moles CO,
weight of N,
W | wan v moles N,
(0.23)(weight excess air)
32.0 L_E—— moles 03
weight SO
_-%06_2 = ..... moles SO,
ight H,0
Ee-l-l%z— B s @ moles H,O
Total: =..... moles gas

Step 2: To obtain the percent by volume of any component, divide the
moles of the component by the total moles of gas.
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14.14 Conversion of Specific Heat Consumption
into Annualized Costs

For U.S. currency:

4 .38Q,.adc

Dollars per year = p

a =fuel costs
{dollars/ton)

b  =fuel heat
value (Btu/
1b)

~ For any other currency denomination: ¢ =kiln output
(tph)

d =percent
operating

8760dC0,, A time (deci-

— mal)

B A =cost per kg
fuel

B =heat value
fuel (kcal/
kg)

C =kiln output
(ke/h)

Q, =specificheat
consump-
tion (Btu/t,
clinker)

Q,,, =specificheat
consump-
tion (kcal/
kgel)

Monetary value/year =
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14.15 Theoretical Flame Temperature

(This formula applies only to oil or coal fired kilns)

English units

H v
_+32
0.06243Vs

Metric units
H,
7T ==
Vs
where
T = theoretical flame temperature (°F), (°C)
¥ = volume of combustion product (scfm/Ib fuel), (std. m®/kg fuel)
H, heating value of fuel (Btu/Ib), (kcal/kg)

5 specific heat of combustion gas (use 0.38)

Note: “¥*™ can be obtained by dividing the result of 8.11 or 9.11,
ie., ws by 0.0847W, when using English units and by dividing we
by 1.3569 when using metric units.

14.16 The “True” CO2 Content in the Exit Gases

The true CO, content is the amount of carbon dioxide contained in the
exit gases after a correction has been made to account for the effects of
excess and deficiency of air present.

100(00, + CO)
100 + 1.89C0C - 4.780,

“True” CO! =
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DATA NEEDED

I
1}

14.17 Alkali Balance

feed rate (Ib/lb cl.) or (kg/kg cl.)

K, = percent K,0 in feed (expressed as a decimal)

x = percent of collected dust returned to kiln (decimal)

= percent K50 in clinker (decimal)

N; = percent NaO, in feed (decimal)

N, = percent NaQ; in clinker (decimal)

W, = total dust collected (Ib/Ib cL) or (kg/kg cl)

K, = percent K;O in dust
W, = fuel rate (dry Ib/lb cl.) or {kg/kg cl.)

K, = percent K;0 in fuel (decimal)
N,y = percent NaO; in dust (decimal)
N, = percent NaQ, in fuet (decimal}

169

ALKALI BALANCE
Input Output
iFeed : WfK r B e @ Clinker : K, =
Wf.l\} = i N, =
Fuel : W.K, L Dust (1 —x)WiK, =
W, N, =..... (1 —x)W, N, =
Dust : xW, K, S o Exit gas : =
doNd .....
Total: = L Liis Total: =

Exit gas concentrations are calculated by the difference to make the

two sides equal.
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14.18 Kiln Speed Conversions

3600
seconds per revolutions = T

~
]

3600
R = revolutions per hour = —
r
Peripheml speed
in./s = 0.00333R=D
122D
r
where
D = Kkiln diameter (ft)
cmfs = 0.02778RnD
_ 100D
r
where

D = Kkiln diameter {m)
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14.19 Power Audit on Kiln Equipment
Equipment hp kW h/mo kWh/mo
Kiln drives

Cooler fans

Cooler exhaust fan

Cooler drives

Clinker crusher

Drag conveyors

Clinker elevators

Cooler dust collector

Coal mill

Coal conveyors and screws

Nose cooling fan

Shell cooling fans

I.D. fan

Precipitator

Feed handling

Dust handling (return)

Dust handling {waste)

F K. pumps

Compressors

Others

Total

kWh/ton clinker:

kw
h/mo
kWh/mo

kWh/ton clinker

I

0.7457 hp

Total hours per month unit in operation

(h/mo) (kW)
kWh/mo

monthly clinker production

..................................................
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14.20 Coating and Ring Formation

The graph shown here can serve as a guideline to indicate if a given
clinker composition has the tendency to form heavy coatings and rings or
if coating formation would be difficult. Clinkers that fall outside the
shaded areas in their relationship between the silica rati¢ and the lime
saturation factor tend to be either difficult or easy coating in nature de-
pending on which side of the shaded area they are located. Clinker com-
positions that are Jocated within the shaded area of this graph are consid-
ered acceptable from a coating formation viewpoint.

14.21 Relationship Silica Ratio vs. Saturation Factor

| i
DIFFICULTIES TO POSM COATIRG
H LA s CR }Hu

i I
EASY TO BURK CLINKER

BT LA e Tl

EAST TO COAT, POSSLELE WIRG

Lime saturation factor (LSF)

{ ity i b R IS 131! i
R3S ] f: ikt AL MERCTLIL o S A 1111 LRGSR i HiLEE ARSI

1.} 2.3 2,3 2.4 25 286 2.7 2.3 1.9 X0 A1 31 33 34 M2

-Silica ratio (S/R)
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PROBLEMS AND SOLUTIONS

14.01 The exit gas temperature on a kiln is 285°C when a water spray
rate of 0.19 kg water/kg clinker is used. Exit gas rate, dry, is 2.31 kg
gasfkg clinker and the water temperature is 35°C. What is the exit
gas temperature of the uncooled gases?

(2.31)(0.248) (T — 285) = (0.19)(656.8 — 35) + (.19)(48)(285 — 100)
Ty =285 =236
T, =521°C (ans)
14.02 A kiln has the following characteristics:
length: 125 m,  diameter: 4.5m,  kiln speed: 68 rph,  slope:
0.0417 m/m. What is the theoretical residence time of the feed in
this kiln?

a2
T (68)(4.5)(0.0417)

2min. (ans)

14.03 Establish a sulfur balance (in the English system of units) for the
wet process kiln given in example 1.01. Use 2.3 percent SC3 in kiln
dust and a dust rate of 119.5 Ib/t. clinker. '

A, = 21 W,y = 3220 ki=1195
W, = 366 H = 02 G = 080
C, = 0l G, = 18

SULFUR BALANCE

Input Ib SCaft. cl. Output b SOa /t
Fuel : 19.19 Clinker 4.0
Feed 322 Dust waste 1.86
Dust return 7.46 Exit gas 14.03

Total 29.89 Total 29.89
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14.05 What amount of combustion air is required per kg coal when the
coal shows 3 percent moisture and a heat content of 6580 kcal/kg?

100 -3} 6580
SCF = — = (95118
100 f 7000

Combustion air required = (10.478)(0.9118) = 9.55 kg/kg coal
{ans.)

14,09 What is the percent loading of a kiln that shows:
feed consumption: 3220 Ib/t. cl., residence time: 186 min, output
rate: 30 tph, kiln volume: 38,000 ft3, feed bulk density: 81 1b/ft3?

(30)(3220)(186) _
(81)(60)(38,000)
= 97 percent (ans.)

Percent loading =

14,15 What is the theoretical flame temperature on a kiln that shows
157.5 scfm combustion gas per pound of fuel and is fired with a coal
of 12,050 Btu/Ib?

- 12,050
(0.06243)(157.5)(0.38)

= 3225°F (ans.)

14.16 Given an exit gas analysis of:

Co, CO O
256 01 08

What is the true CO, content in the gas?

100(25.6 + 0.1)
“True” CO, = = 26,67 (am.)
100+ (1 .39)(0.1) —4.78(0.8)




Chapter 15

DATA NEEDED

kiln output rate

dry raw feed required
slurry moisture (decimal)
total weight of chains

effective kiln diameter
(hanger to hanger)
kiln diameter, inside lining

total kiln length

distance between hanger rings
total chain surface area

total chain zone length

evaporation zone length (feed
inlet to zero feed moisture)

length of chain

attachment ring number (ex-
ample: if chain strung from
ring 1-4,m = 4)

175

CHAIN SYSTEMS IN WET PROCESS KILNS

..........
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English Metric
n = attachment hole number (ex- ......... .. ... ...,
ample: if chain departs hole
1 and arrives in hole 13,
then n = 13)
p = total number of holesfring  ......... W T P
t,, = temperature feed chaininlet ....... P . °C
t;, = temperature feed chain outlet ....... T a5 3 °C
1, = temperature gas,chainhot  ....... "B mwwssrss °C
end
t,, = temperaturegas kilnexit  ....... F . °C
x = dustloss(percentintermsof .........  ..........
fresh feed, expressed asa
decimal}
z = percent moisture in feedleav- . ........ ... ...
ing the chains (decimal)
a, = threshold output rate for  ...... tph  ...... kg/h
forced firing of the kiln
A = cross-sectional area, inside @ ....... m?
A,, = total chain surfacearea ....... ft2 ... m?
A,, = wall surface areain chain ~ ....... B siivses m?
section
@ = specific heat consumption ....MBtu/t  ..... keal/kg
k = percentexcessairinkiln(ex- ......... ... ...,
pressed as a decimal)
Note:
Aty = tg, <ty

Aty = l‘g2 —tfl

15.01 Chain Angle of Garland Hung Chains

Thete are three different methods commonly used to express the chain
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. angle. To avoid confusion, we propose new terms for each in order to
make a distinction between them.

a) The central chain angle

b} Exterior chain angle

Definition: The exterior angle formed between the straight line (con-
necting the two attachment holes of the chain) and the perpendicular to
the kiln axis. This angle, % , is calculated by using the result of (a) and
proceeding in the following manner:

1. A = esin 126
2.B=(m-1h
3. tan¢ 4
Ltang = <
B

4, exterior angle,% = ¢ + 90
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¢) The chain length angle
The chain length expressed in degrees of the kiln circumference.

!
¢ = — 360

T

15.02 Evaporation Rate (Wet Kiln)

A distinction must be made here between the total moisture given to
the kiln and the evaporation done in the chain system.

a) Total evaporation in kiln

abe
Rp= rp (tons/h or kg/h)
-c

b) Evaporation in chain system

_ able -~ 2) ‘
Rg = T ks (tons/h or kg/h)

¢) Percent of evaporation done in chain system
R
Y = —100
R

T

15.03 Total Heat Transfer Surface
The surface of the wall, §,, = nfly

Total heat transfer surface = Sy = S, +/ (ft* orm?)
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15.04 Effective Heat Transfer Volume for Evaporation

2

Vy = Ln (ft® orm?)

2
15.05 Chain Zone to Kiln Length Ratio

h

K =— 100
g

15.06 Length of Chain Systems

a) For garland hung systems

!, = h [(number of rows ~ 1} + (m - 1)]

b} For curtain hung systems

l; = h{number of rows)

15.07 Chain Density

]

H = ———— (ft?/ft? m?
~oso, & or m*/m")

15.08 Heat Transfer Required in Chain System

Using English units:

0, = {(212 ~ 1) + [048(t,, - 212)] + 970.3} 0.002R¢
{(MBtu/h)

-
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Using metric units:

O, = [(100 -1, ) + 048(z,, ~ 100) + 539.11Rg (kcal/h)
Q, = ab0.0020(z;, ~1t;)
Note ¢ = 0.205 for wet kilns

o = 0.260 for dry kilns

Total heat transfer = @p = Q1 + Qs

15.09 Specific Chain System Performance Factors

a) Mass of chains per mass of water to be evaporated

F= a English: (Ib chains/h Ib H,0)
" Rg Metric: (kg chains/h kg H;0)

b} Mass of chains per daily mass of clinker production

20004
English system: W = Sy (Ib chains/daily ton cl.)

41.67d

Metric system: W = (kg chains/daily metric ton cl.)

¢/} Specific evaporation per unit surface area

2000R,

T

English system: E, = (b H,0/h ft?)

Metric system:  E, = S—’ (kg H;0/h m?)
T
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d) Specific evaporation per unit kiln volume

2000R,

T

English system: E, = (b H,O/h ft*)

. . - RS y 3
Metric system: E, = 3 (kg H,0/h m*)
T

e) Specific heat transfer required per unit chain surface

- 108
English wnits: Qg = Q—T-—— (Btu/ft?)
J

Metric units: Og, = —Q—T~ (kcal/m?)
7

15.10 Chain System Design for Wet Process Kilns

181

A chain system design method is herein proposed that takes into ac-
count the amount of thermal work expected and the amount of heat made

available in the system,
Step 1 Select the moisture in the feed leaving the chains.

desired percent moisture

Z = e
100
GUIDELINES
Feed Percent moisture after chains
Poor nodulizing strength 6 — 10 percent
Medium nodulizing strength . 3 ~7 percent
Good nodulizing strength 0 -4 percent
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Step 2 Select the appropriate output rate.

218624

a, go3g+ 1100 | short tons/h

This formula was developed by the author to show the theoretical
threshold output rate for “forced firing” of the kiln. Forced firing is de-
fined as that output rate at which excessive dust losses occur in the kiln as
a result of the gas velocity exceeding 30 ft/s downstream of the chain sys-
tem. Please note that only English systems of units are employed in this
. and all successive steps. For example, use only MBtu/short ton of clinker
for “Q” in the above formula.

Step 3 Select the desired kiln exit gas temperature.

For optimum fuel efficiency, it is desirable to set this temperature as
low as possible without causing condensation in the precipitator. If the
temperature, at which condensation takes place, is known, the target should
be set 50°F higher. For example, when it is known that condensation
occurs at a kiln exit gas temperature of 350°F the target for Yes should be
set at 400°F,

Step 4 Quantity of heat entering the chain system.

This empirical formula was developed by the author to obtain an ap-
proximate value for the heat entering the chain system.

0, = [0.0002137Q(1 + k) +0.000281] £,
+0.00094(Ry -~ Rg)tg, = ..... MBtu/h

Find Ry and Rg in 15.02.

Step 5 Quantity of heat leaving the chain system.

This formula was developed by the author to give an approximate value
for the heat leaving the kiln at the feed end.
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Qour = [0.0002137Q(1 + k) +0.000281] 7,,a + 0.00094R 1t,,

Qous ™ 5 vess MBtu/h

Step 6 Heat supplied for thermal work in the chain system.

QA = Qm-Qo“r = T MBtu/h

Step 7 Ratio: heat supplied to heat transfer expected.

OA

X & - =

Or

Find O in 15.08.

The value for “x” must be close to unity, ie., 0.90-1,10. When this
value is outside of this range, return to step 1 and adjust any of the vari-
ables such as z, g, ¢, ¢, 7, OF b to bring this value in line with the above
given range.

Any adjustment in the variables causes the specific heat consumption of
the kiln to change. To select the appropriate value for Q, the following
guidelines can be used:

Fort,, a 10° increase is equivalent to Q@ = +0.025.
a 10° decrease is equivalent to @ = —0.025.
Fora : a one ton increase is equivalent to ¢ = —-0.017.
a one ton decrease is equivalent to @ = +0.017.
Forc : a decrease 0of 0.01 in ¢ is equivalent to 0 = -0.088,
an increase of 0.01 in ¢ is equivalent to Q = +0.088,
Ford a decrease of 0.10 in b is equivalent to 0 = -0.110.

an increase of 0.10 in b is equivalent to @ = +0.110.
Fore : a decrease of 0.01 in e is equivalent to 0 = ~0.018,
an increase of 0.01 in e is equivalent to @ = +0.018.

{If several of these factors are changed, the sum total changes in Q
applies.) °
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Step 8 Chain surface area required.

Formula based on the logarithmic mean temperature differential in the
chain system.

Qal0°
Aty - Aty
At
In e
At
Guidelines for the value of f.

kN
I
t
o
)
i
=
[ &)

ch

Ifz= 0 00l 002 003 004 005 006

f=26 29 37 39 40 4.1 4.3
: =007 008 009 010 011 012 013
f = 48 55 6.1 66 6.7 6.8 6.8

(Note: When dust is insufflated, adjust f/ upward by using a Mgt
value ¢.05 higher than actual, ie., if z = 0.01,use f=4.3 instead of
=29

Step 9 Chain weight total.

W = At = ... tons total
For % in. proof coil chains: n = 0.003863
For % X 3 circle chains n = (0.003906
For 1 in. circle chains i n = 0.005310

Step 10 Chain density.

A
Dy = oh = ... fi2 /£t
A (length of chain system)
Guidelines:
Straight curtain hung § D,, = max.3.0
Spiral curtain hung D, = max.3.35

Garland hung ; D,, = max.20
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15.11 Kiln Chain Data—Round Links

Type Link Weight Surface Volume
steel ' size b/t in.* /ft in.? /ft
MS 1X35/8 11.25 155.0 38.75
MS 1X3 120 162.7 40.68
ss 7/8 X 3 8.85 137.0 2997 !
MS % X3 6.28 116.6 21.86
SS %X 3 6.04 116.6 21.86 |
MS %X 2% 6.20 114.8 21.53

MS 5/8 X 2% 4,56 98.1 15.33 !

15.12 Kiln Chain Data—Proof Coil (Oval Links)

Type Link size Weight Surface Volume
steel ¢ inner inner Ib/ft in.% /ft in.3 /ft
width length

S8 19/32X 111/32X 3 8.12 143.76 21.34
MS 7/8 X17/32X31/8 725 113.6 24 B85
MS 3% X (ribstile) 3 9.25 1584 29.7

MS %X 2% 5.50 99.2 2042
MS %BX21/8 5.95 110.9 20.79
MS 11/16 X 2% 4.35 88.3 158

MS "5/8 X 2% 4.60 100.8 15.75
MS 5/8X 23/16 3.50 78.8 12.31
MS 5/8X17/8 4.10 916 14.32

15.13 Chain Shackle Data

Size Weight Surface
@ 1b/piece in.% /piece
% in, 2.2 ) 41.5

7/8 in. * 352 52.0

1in. 4.8 68.5
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Chapter 16

KILN REFRACTORY

16.01 Refractory Shapes

On the North American continent, rotary kiln blocks, arches, and
wedges are the most common refractory shapes used to line rotary kilns.
In countries using the metric system of units, VDZ and ISO shapes are
used. The following data will familiarize the reader with the dimensional
differences between these shapes. It is important to note that dimension
“g" ie., the back cord, is the face of the refractory that is in contact with
the kiln shell. All shapes are installed so that the given dimension “7”
forms a parallel line to the kiln axis. Dimension “2” indicates the lining
thickness.

/ A LS

Rotary kiln
block (RKB) Arches Wedges

188
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VDZ shapes

189

ISO shapes

a) Dimensions in the English system of units,
(dimensions given in inches)

RKB Arches Wedges VDZ 1SO #/3
a |9 9 12| 435 3 | 435 3| var. 4
b A y v v vy v v var, var,
¢ y v v vy v ¥ y v oy 284
! 4 4 4 9 9 9 6 6 6 7.8 7.8
h 6 9 9 6 6 6 9 9 G var. var.

Note: VDZ and ISO shapes are usually manufactured for 6 3/10 in.,
7in., 7 7/8 in., 8 7/8 in., and 9 4/5 in, lining thickness (h ).

b) Dimensions in the metric system of units.

(dimensions given in millimeters)

RKB Arches Wedges vDZ IS0 7/3
a| 229229 305|102 89 761102 89 76( var 103
b v v ¥ ¥ v v y v v var. ¥
¢ vy v v v v v v ¥ vy |72-102
71102 102 102 | 229 229 229 ;152 152 152 198 198
k{152 220 229 | 152 152 152 ]229 229 229 var. var.

Note: VDZ and ISO shapes are usually manufactured for 160, 180,
200, 225, and 250 mm thick linings (7).
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The following tables show typical VDZ shape dimensions in more de-
tails. These tables are reproduced with the permission of Refratechnik
GmbH.

STANDARD SIZES FOR CEMENT ROTARY KILNS (Nonbasic Brick)

! Yol Kiln
Symbol Size Dimensions  in mm 3. diameter
. b h [ {mm)

A216 107,5 89 3.130 1894

A 416 104 95 3130 3769

ABIE 102 a7 160 | 198 3130 6656

AP 16 82 7 2519

AP+16 92 87 2438

ANB 10 89 3.560 1920

A48 105 a5 3.560 28862

AG18 103 97 180 ) 198 1560 5300

AP 18 a3 77 2.861

AP+18 93 87 3.208

A 220 112 BE 3.980 1983 ‘i

A 420 106 85 3.980 3927 3

AG20 104 97 200 ) 198 3980 6057 i

AP 20 84 7 3.188 2

AP+20 o4 a7 3564 g
~N

A 222 148 89 4500 2056 5

A422 107 96 4,500 4087 =

AG22 106 a7 225 | 198 4,500 6019 =

AP 22 B85 77 2,609

AP+22 95 87 4.054

A 226 . N4s 89 5040 2284

A428 1085 95 5.040 4092

AB25 108 97 250 | 198 6.040 £000

AP 25 86 7 4034

AP+25 86 87 4529

A230 103 ”? 5.198 2032

A430 103 8.6 65.658 40685

A 630 103 02,8 | 300 [ 198 5.806 5000

AP 30 83 725 4618

AP+30 93 82,5 5.212
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STANDARD SIZES FOR CEMENT ROTARY KILNS (Basic Bricks}

Val, Kiin
Symbaol Size Dimansions  inmm . diameter
am’

) b b i (mm)

B 218 78 85 2.285 1968

B 416 75 68 2.265 3620

8616 74 ] 180 | 198 2.265 48654

a0 18 54 2% 1.832

BP+16 64 50 1.948
78 85 2548 2216
76 [} 2548 3960
74 69 180 | 198 2548 5472
64 49 1838
84 59 2192
78 65 2.831 2462
76 68 2831 4400
74 &9 200 | 198 2831 5080 =
54 a5 2038 ¥
o4 58 2.435 E
78 [ 3186 2769 i
75 68 1185 43950 9
74 69 3.186 5840 =
73 89 225 ) 198 3163 8438 m
54 49 2,794 =
64 59 2.740

B 225 8 66 3.540 3077

B 426 76 &7 3.540 4333

B625 74 5% 1540 7600

B 825 73 68,5 | 250 | 198 3.502 8333

P25 54 49 2.550

8P+26 64 59 3.045

B 427 % 68 3873 4290

8627 74 68,5 3873 7600

P27 £8 45 276 | 198 2058

BP+27 66 56 3349
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16.02 Number of Bricks Required per Ring

Outside the United States, it is customary to use two different shapes
of bricks with different backcords (a) to complete a full circle of the kiln
circumference. Experience has shown that this produces a superior fit of

the refractory to the shell particularly when the kiln shell is slightly out of
round.

a}) for RKB, arches and wedges

for basic lining for aluminum brick
12dnw 12dn
n = n =
a+0.059 a+0.039
n = number of bricks per ring
a2 = backcord (in.)
d = kiln diameter (ft)
b) for VDZ shapes

The attached tables, supplied by Refratechnik GmbH, show the number
of bricks each required when a given kiln diameter is encircled with two
different sizes of bricks. All of the brick shapes shown have a uniform di-
mension “/” of 198 mm.
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STIfST LIy LOMLr S6/ES 68165 IS/ve  ZAOL ER/L ¥SIZE SH/88  9ENE LTIOD1 8LKKOL  &IL STIVISTIY
0511 SFUT1 IeUEl $EUSI ZEL/N LZ1/81 TTIIOC SEL{NZ C€IL/ET 601/pT #OU/GT OOIMLT  wS/6T  O06/0¢ S8/t 08/pf OLISE ILILE 9W6E IHOY LS/TF MLIOS)SZOVISTZV
Lil-  ¥IE- $01/L 8601 TG/EL SBILL &LMT LYILE] STAWISITV
STIEE IL1BE Z11/vk £01/0S #6JSS SBIED  SLILY LHEL BSI6L  6#/CE OP/16 TL/96 STJTON #l/RO1  S/¥I1 TTIVITTNY
ESE/E OSI6 SYIIN Tvl/ZL SEUSL AEIS1 LTI/9L €TU/L1 911061 ¥ILIOZ 6OIfTT SONST O0VST  96/9T  I6/LT  LBI6T I8/0T BL/IE wLiEE OLIME SHISE EWTY|TZIVIZITY
9N/~ TIN- TOWL L6/0E 16/E)  S8IGY 9E/6T ) TTPVITITV
CEU0E WIISE SLI/Iy BOLISY 66/ES 16/IS  TR/ZY ¥L/B9 SOMEL  LSIBL  Relv8 OR6R 1E/S6 EL/001 YL/ HELL OLIVIOTWY
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¢} ForI.5.0. shapes (r/3)

1.8.0. shapes have a uniform backcord of 103 mm. With an expansion
insert of 1 mm, the cord length becomes 104 mm which is equivalent to
nf3, explaining the reason for identifying these shapes by this nomencla-
ture. With = a constant in the brick backcord and the circumference of
the kiln shell, the calculation for the number of bricks required per circle
becomes simple:

n = 1000/0.0333) = 33.33D
where
D = internal kiln shell diameter tm)
Example: How many bricks are required in 1.S.0. shapes to complete a

circle on a 4.8 m diameter kiln?
Answer: (33.33)(4.8) = 160 pieces.

16.03 Number of Bricks Required per Unit Kiln Length

a) when dimension “1” is expressed in millimeters and kiln length in
meters:

W Brick RKB Arches Wedges vDZ 150
m 9.6n 4.3n 6.5n 5n S5n

b) when dimension *1” is expressed in inches and kiln length in feet:

Aom Brick RKE Arches Wedges VDZ ISO
ft 3n 1.33n 2n 1.524n  1.524n

n = number of bricks per ring (sce 8.02)



16.04 Kiln Diameter Conversion Table

KILN REFRACTORY

195

ft

ft mm mm ft mm
8.84 2900 12.00 3937 15.54 5100
9.0 2953 12.19 4000 15.85 5200
9.14 3000 12.50 4101 16.00 5250
945 3100 12.80 4200 16.15 5300
9.5 3117 13.00 4265 16.46 5400
975 3200 13.11 4300 16.50 5414
10.00 3281 1341 4400 16.75 5500
10.06 3300 13.50 4429 17.00 5577
10.36 3400 13.72 4500 17.07 5600
10.50 3445 14.00 4593 17.37 5700
10.66 3500 14.02 4600 17.50 5742
10.97 3600 14.32 4700 17.68 5800
11.00 3609 14.50 4757 18.00 5900
11.25 3691 14.63 4800 18.29 6000
11.27 3700 14.93 4900 18.50 6069
11.50 3773 15.00 4922 18.59 6100
11.58 3800 15.24 5000 18.90 6200
11.89 3900 15.50 5085 19.00 6234




PART III

GRINDING



Chapter 17

TECHNICAL INVESTIGATION OF GRINDING MILL

Formulas for a study of the grinding mill and circuit are given. To sim-
plify the engineers task, all the formutas are presented in the form of work
sheets that can be used in the course of the mill investigation, At the con- ~
clusion, a summary sheet is also given to compile all the significant results
of this study. Data, formulas, and results can be presented either in English
or metric system units by using the appropriate work sheets.

199
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17.01 Technical Data of Grinding Circuit

Plant location: .............. crerene rerssesrrararirasanas Mill: orieeeiivrerieeanis

Type of mill: ......... SRS e TR R s terreeresenennas
Manufactured by: ...vcevrrnmeniinnnnnns FRRRRR . Build: ...... T

Types of products Bround: .......cccevecevrievirecsircrisesirrserrsess sesnssssseseses

Type of grinding Gremty ..cusmpmmmsn s
Separator

TYDPE: ceomarmvinvsvamsmpuunssosssvssumsaum sz v ivaREasEs Siges connnaans
. (4] 70) G rertsrssesenrserraererinrreranean RAR———
Mill drive

TYpe: civsiassisiiinmennmenses ereens cresemrenrrrreaane — FRTEPR. e
Motor: .......... L — EeeSeEiEerE et arrereresrasE nanr R nn b anabetran e rsarbrs

1. compartment | 2. compartment 3. compartment

diameter

length

volume

size | weight size | weight size | weight

BALL
CHARGE

Total

Date of investigation: «.ccoveeririieeeniannn Tested by: .evviervrirramennacninas



Chapter 18

GRINDING MILL INVESTIGATION
(ENGLISH SYSTEM OF UNITS)

DATA NEEDED
Bf = specific surface Blaine, new feed
B, = specific surface Blaine, finish product

€y = horizontal distance, liner to liner at ball charge sur.
face, 1. compartment (ft)

C: = charge surface, 2. compartment (ft)
Cs = charge surface, 3. compartment (ft)
cos ¢ = mill motor power factor

Dy = internal mill diameter, liner to liner (ft)

E = mill motor, applied voltage

fp = percent passing, finish product (decimal)

f, = percent passing, rejects (decimal)

fy = percent pass.irlg, separator feed (decimal)

fi = percent passing, new feed (decimal) -
Gy = Hardgrove grindability of material

G4o = Allis-Chalmers grinding index of material

H, = free vertical height, charge to liner, 1. compartment

(ft)
H, = free vertical height, 2. compartment (ft)
201
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Hy free vertical height, 3. compartment (ft)
I mill motor amperes
L internal length of mill, (ft)
N mill speed (rpm)
P mill horsepower
R feed residence time in mill (min)
s specific gravity of mill feed
Ly temperature of feed, mill outlet, (°F)
2, temperature of separator product (°F)
v, sleve size (microns) where 80 percent of the product
passes
U, sieve size (microns) where 80 percent of the new
feed passes
V volume of air passing through mill (ACFM)
W, mill output (tph)
CALCULATIONS

18.01 Mill Critical Speed

......



GRINDING MILL INVESTIGATION (ENGLISH UNITS)

18.03 Ratio: Free Height to Mill Diameter

H\
For 1.compartment: r = — =
Dy
H,
For 2. compartment: r, = — =
Dy
H,
For 3. compartment: ry = —— <
Dy

D 2
Vi = ﬂ(—l—) L= ..... ft?

18.05 Percent Loading of the Mill

203

.....

.....

First, determine the central angle () for each compartment by using

the formula

1. compartment 6
2. compariment 8,
3. compartment 83 =

W

Second, determine the cross-sectional area of the mill

A= 02507 = ..... ft?

Third, determine the area occupied by the ball charge in each com-

partment



204 CEMENT MANUFACTURER’S HANDBOOK

Cir-H
1, compartment: A; = 0.0087276 72 -—‘(2—‘) = ...
Co(r—H.
2. compartment: A, = 0.0087270477 ———2-(53“3-2 B s uus
Cs(r-H.
3. compartment: A, = 0.0087278572 _i(Tl) = ...,
Finally, determine the percent loading:
A,
1. compartment: [, = 74- = 5 5 gy percent
Az
2. compartment: I, = ?4- = g i | percent
As
3. compartment: I3 = ; L J—— percent
Average: I, =...... percent

. Dy
Note: for the above calculations, r = --2-

18.06 Bulk Volume of Ball Charge
Vp = Ve T o..nn ft?

(find v, in 18.04 and /. in 18.05).

18.07 Weight of Ball Charge

In 17.01, data on the mills ball charge is given. Since this data refers
usually to the initial load of the mill, the following formula can be used to
calculate the mill charge weight after the mill operated for a given length
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of time

(find v,, in 18.06).

18.08 Weight of Feed in Mill

2000W, R "
MWy S S s
T 60

18.09 Steel to Clinker Ratio

(find w,, in 18.07 and w in 18.08).

18.10 Bond's Laboratory Work Index

The work (kwh/t) required to reduce one short ton of a material from
theoretical infinite size to 80 percent passing 100 microns.
The result applies to wet grinding in closed circuit.

16
Wy S o g kWh/t
: Gac

For dry grinding in a closed circuit, multiply w; by 1.3333. For open cir-
cuit grinding, dry or wet, multiply w, by 1.2.
When no Hardgrove or Allis Chalmers grindability ratings are available



206 CEMENT MANUFACTURER’S HANDBOOK

for a given material to be ground, use the Work Index guide lines given in
Chapter 20.01.

18.11 Power Required

To grind a material from any feed size to any product size, the power
required to perform this grinding work can be calculated by using the
equation given by Bond for the Third Theory of Comminution:

10w; 10w,
WS ——]g - =
Uyt U*

When the product 80 percent passing size is less than 70 microns, the
result in the above equation (w) has to be multiplied by the factor “f™
which is determined as follows:

U, +103

= e ———— =

1.145U,

Thus,

18.12 Mill Power
The kilowatts expanded in grinding, with an AC — 3 phase system is

1.732E7 cos ¢ _
T

18.13 True Specific Power Demand of Grinding Mill

KWhit _ kW(hours operation)
actual — yons material ground




GRINDING MILL INVESTIGATION (ENGLISH UNITS)
(find kW in 18.12 or by actual field tests).

18.14 Mill Operating Efficiency

(find the numerator in 18.13 and’the denominator in 18.11).

18.15 Specific Surface Grinding Efficiency

wy(Bp-B
s, = —L(%V_—F)- (e specific surface per kWh

(find kW in 18.12).

18.16 Mill Size Ratio

(find v,,, in 18.04).

18.18 Separator Load

" For open circuit

wy = ME___I.Q = R tph
(f.v -fr)

207
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For closed circuit

18.19 Separator Efficiency
For all systems |
g, = 2=l g0 -
f s(fp = f r')

..... percent

18.20 Circulating Load

For closed circuit, new feed, and mill product to separator

fo~1e
¢y = 2 100 =..... percent

fm =1y

Note: [" (ﬁ)] +fp

C1
— +1
100

For closed circuit, new feed and rejects to mill,
if

f, > 1
then

=P ti100=..... percent
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if

cg = —=——100 = ..... percent

18.21 Size of Grinding Balls Required

For steel balls, the largest ball diameter required for grinding is

%
Usw; (DS ) .
B = — E o aross n.
200¢, 1

Another formula frequently used but not as accurate is:

% 3
U Wy '
B =|— m = v in
K cs{D1 ™)
where
K = 350 for wet grinding
K = 300 for dry grinding

(find ¢, in 18.01, w; in 18.10).

209
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RESULTS OF GRINDING MILL STUDY (ENGLISH SYSTEM)

18.01
18.02
18.03

18.04

18,05 1

18.06
18.07
18.08
18.09
18.10
18.11
18.12
18.13
18.14
18.15

18.16
18.17
18.18
18.19
18.20
18.21

s

5o

Fi, 72,73

Mill critical speed ... rpm
Percent of critical speed ......... percent
Ratio: free height/mill ) I ¥
Do o 2 1 0 5 B ST & 8
3 e
Internal mill volume ... . ... ft3
Percent loadingof mill  ......... percent
Bulk volume, ball charge  ............ ft?
Weight of ball charge  ~ ............ b
Weight of feedinmill ~ ............ Ib
Steel to clinkerratio ... ... .,
Laboratory work index ... ...
Power forgrinding ~ ......... kWh/t
Mill power expanded ... ... kW
True power consumption ~ ......... kWh/t
Mill operating efficiency @~ ........., percent
Specific surface grinding
efficiency .. ..cm?fem?® /kWh
Mill length/diameter ratio  ..............
Specific volume per horsepower .. ....... ft? fhp
Separatorload @ ... tph
Separator efficlency ... .00 percent
Circulatingload ~ ........0 percent

Larg;ast ball diameter required
forgrinding = ... ... in.




GRINDING MILL INVESTIGATION (ENGLISH UNITS) 211

PROBLEMS AND SOLUTIONS

1801 A finish mill with a 4.0-m diameter rotates at 17.0 rpm. Deter-
mine the critical speed for this mill and calculate the percent critical
speed this mill is operated at.

42.306
4%

Critical speed, s, = 21.15 rpm

Percent of critical speed = —— 100 80.4 percent (ans.)

21.15
1807 Assume that a given compartment should have an optimum ball
charge weight of 75 short tons. How many tons of balls have to be
added to the compartment when the following dimensions are found:

D,, internal diameter, = 13.25 ft
C,, horizontal distance, liner to liner at ball

charge surface, = 8.20ft
H,, vertical distance, charge to liner, = 11751t
Ly, length of compartment, = 9.50ft

Solution:
Step 1. Calculate the ratio: free height to mill diameter (see 18.03):

11.75

13.25

= (0.8868

ry =

Step 2. Calculate the volume of the entire compartment:

m

1325\’
v, = 5 95 = 130992 ft°

Step 3.  Determine the central angle (see 18.04)

. 8.2
sin¥d = —— 6 = 765
13.25
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The cross section of the mill is
A4 = 137.886 ft2
The area occupied by the ball charge

8.2(6.625 - 11.75)

A, = 0.008727(76.5)(6.625)* -

2
= 50.315 ft?
The percent loading of the compartment
50315
11 = = (.365
137.886

Note: the percent loading is expressed as a decimal
Step 4. Determine the bulk volume of the balls (sc¢ 18.06)
v, = (1309.92)(0.365) = 478.0 ft?
Finally, the weight of the charge is: (see 18.07)

w, = 285(478) = 1362301b = 68.115 tons

Hence the make-up ball charge to be added to bring the load to the
desired weight is

75.0-68.115 = 6.89tons (ans.)



Chapter 19-

GRINDING MILL INVESTIGATION
(METRIC SYSTEM OF UNITS)

DATA NEEDED
B, = specific surface Blaine,newfeed ~  .....
B, = specific surface Blaine, finish product ... ..
C) = horizontal distance, liner to liner
1. compartment (m) .. ...
Cy = 2. compartment (m) ... ..
G = 3. compartment (m) .....
cos ¢ = mill motor power facter ., .,
Dy = internal diameter of mill, liner toliner(m) .. ...
E = mill motor applied voltage @~ ...,
 fp = percent passing, finish product (decimal) ...
f, = percent passing, rejects (decimal) . ....
fe = percent passing, separator feed {(decimal) @ .....
f; = percent passing, new feed (decimal) @ .....

Gy = Hardgrove grindability of materiat ... ..
- Hy = free vertical height, charge to liner
1. compartment (m) .....
H = _ 2. compartment(m) .....
H = 3. compartment (m) .....
213
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mill motor, amperes

internal length of mill (m)

mill speed (rpm)

mill horsepower

feed residence time in mill (min.)

sieve size (microns) where 80 percent of the products
passes the sieve

steve size (microns) where 80 percent of the new feed

passes the sieve
mill output (product) (metric t/h)
specific gravity of mill feed

CALCULATIONS

19.01 Mill Critical Speed

.....

.....

.....

.....
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19.03 Ratio: Free Height to Mill Diameter

H,

For 1.compartment: ry = — =
D, .
Hy

For 2. compartment: rz = -—— =
Dy
H

For 3. compartment: ra3 = —— =
Dy

19.05 Percent Loading of Mill

215

First, determine the central angle (8) for each compartment by using

the formula;

1. compartment 8,
2, compartment 8,
3. compartment 63

Second, determine the cross-sectional area of the mill:
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Third, determine area occupied by ball charge in each compartment:

r—H
1. compartment: A, = 0.008727647% - ————— Sl i) > 1) = ...
2 Ca (r-Hg)
2.compartment: A, = 0.0087270,r° - ——2-— = ...,
Ci(r—H
3. compartment: A; = 0.00872785r% — —3(-5—3—) om, Lann
Finally, determine the percent loading:
A4,
1.compartment: /; = i 5w asns percent
As
2.compartment: I, = " = percent
As
3. compartment: I3 =-:4— = s percent
Average: I, =..... percent

D
Note: for the above calculations, r = ~2—‘

19.06 Bulk Volume of Ball Charge

(find »,,, in 19.04 and [, in 19.05).
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19.07 Weight of the Ball Charge
In this chapter data on the mills ball charge is given. Since this data

refers usually to the initial load of the mill, the following formula can be
used to calculate the weight of the charge based on the bulk volume occu-

pied

(find v, in 19.06).
19.08 Weight of Feed in Mill

L looow,R _ "
f 60 -----

19.09 Steel to Clinker Ratio

(find w,, in 19.07 and w,in 19.08).

19.10 Bond’s Laboratory Work Index

Definition: The work {kWh/t) required to reduce one metric ton of a
material from theoretical infinite size to 80 percent passing 100 microns.
The result applies to wet grinding in closed circuit.

47951
Wy = meme—— = k 1
i GHG0.91 Wh/
or
1764
Wi 0.82
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For dry grinding in closed circuit, multiply w, by 1.3333. For open
circuit grinding, dry or wet, multiply w, by 1.2. When no Hardgrove
grindability ratings are available for a given material to be ground, use the
Work Index guide lines given in Chapter 20, Section 20.01.

19.11 Power Required

To grind a material from any feed size to any product size, the power
required for grinding can be calculated from the equation given for Bond’s
Third Theory of Comminution

10w, 10w 023 KWhit
w = —_— = R I
U, Uy*

When the product 80 percent passing size is less than 70 microns, the re-
sult (w) above must be muitiplied by the factor “f™

U, +10.3

11450,

.....

Thus, fw= ... kWh/t

19.12 Mill Power
The kilowatts expanded in grinding, with an AC — 3 phase system is

1.732ETcos ¢
1000

19.13 True Specific Power Demand of Grinding Mill

B kW(hours operation)
actual

kWh/t

.....

tons material ground

{find kW in 19.12 or by actual ficld tests).
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19.14 Mill Operating Efficiency
w, = ——— 100 = ..... percent

(find the numerator in 19.13 and the denominator in 19.11).

19.15 Specific Surface Grinding Efficiency

W (Bp - Br)

53, = ——————— = ... specific surface per kWh

kW

(find kW in 19.12).

19.16 Mill Size Ratio

(find »,,, in 19.04).

19.18 Separator Load
For open circuit

wy = 22e=f) iph

(=1

219
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For closed circuit
w3 (—26-)+1 Wr = ..., tph
19.19 Separator Efficiency
For all systems
8. = Jola =1r) 100 = ..... percent
0 = 12)

19.20 Circulating Load

For closed circuit, new feed and mill product to separator

¢ = —ff—-_—fg 100 = ..... percent
Im =17
Note that
f( - ) f
_ ["\woo/ ] P
s
¢
L 41
100
For closed circuit, new feed and rejects to mill
If
% 2
L MIOO = ... percent
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If
fs > fp
G = -f;—-fi 100 = ,.... percent
fr _fs :
19.21 Size of Grinding Balls Required
For steel balls, the largest ball diameter required is
%
U1 Wy § %
B = 20.8545 —% R mm
200¢; \D:
Another formula frequently used but not as accurate is
1/3
U % SW; f
B = 2085 |— 7 = .. mm
K Cg Dy
where
K = 350 for wet grinding

300 for dry grinding

(find ¢, in 19.01, w, in 19.10).

221
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RESULTS OF GRINDING MILL STUDY (METRIC SYSTEM)

19.01
19.02
19.03

19.04
19.05
19.06
19.07
19.08
19.09
16.10
19.11
19.12
19.13
19.14
19.15

19.16
19.17
19.18
19.19
19.20
19.21

s
So

F1,72,73

Mill critical speed ...l Ipm
Percent of critical speed  ...... .. percent
Ratio: free height/mill | TR 3

S L -

B, .. .aipEmEmicsian
Internal mill volume ... m?
Percent loading of mill ~ ........ percent
Bulk volume, ball charge ~  ........... m?
Weight of ball charge  ~ ............ kg
Weight of feed in mill A 1 kg
Steel to clinker ratio ... .. i ias
Laboratory work index ... ...
Power for grinding ~~ ......... kWh/t
Mill power expanded ... kW
True powet consumption ... kWh/t
Mill operating efficiency ~ ........| percent
Sg;c;ii; surface grinding effi e fom? fiWh
Mill length/diameter ratio ~ ..............
Specific volume per horsepower ... ...... m?/hp
Separatorload ~ ........... tph
Separator efficiency  ........ percent
Circulatingload  ....... .. Jpercent

Largest ball diameter required
forgnding ... mm
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PROBLEMS AND SOLUTIONS

19.09 What is the steel to clinker ratio of the following mill?

w, = weight of ball charge = 100,000 kg

wy = mill output =425 tph

R = feed residence time =12.5 min
Solution:

First calculate the weight of feed in the mill

1000(42.5)(12.5
Wy = 0(425)(125) = 8854 kg
60
Thus the steel to clinker ratio is
: 100,000 13 (@ns)
14 = = 5 ans.
! 8854

19.11 Clinker of 80 percent passing 3/8 in. has to be ground to a specific
surface Blaine of 3200 cm?®/g. What is the power required (kWh/t)
to do this grinding work?

Solution;

From the table given in 20.04, 3200 Blaine = 80 percent — 40.2u
hence U; = 40.2. From the table given in 20.05, 3/8 in. = 9510u
hence Us = 9510, From guidelines given in 20.01, clinker, w, =
13.49.

Thus the power required is (see 19.11)

_10(1349)  10(13.49)

= = 19.89 kWh/t
40.2% 9510% /
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Now, since the product 80 percent passing size is less than 70u

402+103
= —— = 1.097

" 1.145(40.2)
Thus the power required is

1.097 X 19.89 = 21.82kWh/t (ans.)

1920 What is the circulating load when a given mill shows the following
fineness passing the 325 sieve:

product, fp = 92 percent

separator feed,f, = 54 percent

rejects, f, = 32 percent
Since

5, >y

173 percent  (ans.)

(92 - 54) -
c 3
I \s4-32

1921 What is the largest ball diameter required (mm) for a mill whose
critical speed is 21.15 rpm when clinker has to be ground to 80 per-
cent passing 40u sieve. The mill diameter is 4.0 m and the specific
gravity of clinker equals 3.15.

% ¥
(40)(14.87) /3.15
B = 208545 = = 876 mm (ans.)
200(21.15) \ 4
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20.01 Work Index for Various Materials

Clinker

Kiln feed
Clay

Coal

Gypsum rock
Limestone
Shale

Silica sand
Sand stone
Slag

Blast furnace slag

3.0%
2.67
2.23
1.63
2.69
2.68
2.58
2.65
2.68
293
2.39

13.49
10.57

7.10
11.37

8.16
10.18
16.40
16.46
11.53
15.76
12.16

14.87
11.65

7.83
12.53

§.99
11.22
18.07
18.14
12.71
17.37
13.40
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20.02 Size Distribution for a New Ball Charge in Mill

mm 100 90 80 60 50 40
inches 4.5 4 3.5 3 2.5 2 1.5
45 23

100 4 31 23

90 3.5 18 34. 24

80 3 15 21 38 31

60 2.5 7 12 205 39 34

50 2 38 65 115 19 43 40

40 1.5 17 25 45 8 17 45 51

30 1 05 1 15 3 6 15 49
Total percent | 100 100 100 100 100 100 100

20.03 Grindability Factor

Mill output when other materials than clinker are ground in the same
mill:

Rotary kiln clinker 1.00
Shaft kiln clinker o 1.15-1.25
Blast furnace slag 0.55-1.10
Chalk 37

Clay 3.0-35
Marl 14
Limestone 12

Silica sand 0.6-0.7
Coal 08-16
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20.04 Approximate 80 Percent Passing Size in Microns

The approximate value can be calculated from the specific surface Blaine
or Wagner as follows:

850-2.151log W 5
20,300 20,300
= log B

log x

]

log x 2log

Blaine 80 percent
2600 61.0
2800 526
3000 458
3100 429
3200 402
3300 378
3400 356
3500 336
3600 318
3700 30.1
3800 28.5
3900 27.1
4000 258
4100 24.5
4200 23.4
4400 21.3
4600 19.5
4300 179
5000 16.5
5500 13.6
6000 114

[

micron size, 80 percent passing
Wagner
Blaine

o X
"
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20.05 Screen Size Conversion to Micron Size

a} U.S. standard sieves

Screen Micron
400 37
* 325 44
270 53
* 230 63
200 74
* 170 88
140 105
* 120 125
100 149
* 80 177
70 210
* 60 250
50 297
* 45 354
40 420
* 35 500
30 595
* 25 707
* 18 1000
* 10 2000
Y% in, 6350
5/16 8000
3/8 9510
7/16 11200
) 12,700
5/8 16,000
% 19,000
7/8 22,600
10 25400
1% 32,000
1% 38,100
2 50,800

*1.5.0. International Standard Sieves
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b) I.8.0. Standard Internation Sieves
Sieve Number Aperture (mm) Microns
226
16.0
112
........................................ 8.0
3% 5.66
5 4,00
7 2.83
10 2.00
14 141
18 1,00
25 707
35 500
45 354
60 250
80 177
120 125
170 88
230 63
325 44
20.06 Optimum SO, Content in Cement
Quantity required for 6-cube batch:
Grams
mix 1 mix 2 mix 3
cement 940 930 920
graded standard sand 470 470 470
standard sand: 470 470 470
gypsum - 10 20
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Calculation
a
G = ( ).48+d+0.24
a-b
where
G = optimum SO,
a = average strength both rounds of mix 2 — mix 1
b = average strength both rounds of mix 3 — mix 2
d = 80, in test cement

20.07 Calculations Related to Gypsum

Percent gypsum = (4.778)(percent combined H, Q)
Percent SO; in gypsum = (0.4651)(percent gypsum)
Percent 803 as anhydrite = percent SQ; —percent SO; as gypsum

Percent anhydrite (1.7003)(percent SO as anhydrite)

20.08 Percent Gypsum Required for Desired SO in Cement

a—-c¢
x = 100
b
where
x = percent gypsurﬁ' 1o be added to clinker
a = desired percent SO; in cement
b = percent SO; in gypsum
¢ = percent SO; in clinker

20.09 Cement Fineness
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where
s, = surface area (cm?/cm?)
S = specific surface (cm?/g)
p = specific gravity
20.10 Heats of Hydration
C,S = 120cal/g
CsA = 210cal/g
- C4AF = 100 cal/g
CaQ = 279calfg
MgO = 203 calfg

20.11 Spray Cooling with Water

This formula applies to the cooling of gases as well as the cooling of
solids.

a) English system

_ _ws(T—Ts)
(212 1)+ 970f

b} Metric system

_ ws(Ty —T3)
(100—1;) + 538.9f

where

water rate needed (Ib/h), (kg/h)

material or gas rate (Ib/h), (kg/h)

specific heat of gas or material

initial gas or material temperature uncooled (°F), (°C)
desired gas or material temperature after cooling (°F), (°C)

S Rl
W nnn
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= water temperature (°F), °C)
percent water evaporated (decimal)

~
»
|

~,
n
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GRINDING AIDS AND CEMENT FINENESS

21.01 Grinding Aid Solutions

English units Metric units
¢ = 83a+db C= A+DB
| P FYL
ath A+B
f rb F B
¢’ c
= 0.01585 G = £
s 1000
R o= gef H = GEF
h 1000H
i = — I =—
m M
i 1
=% T
a2 = water added (gal) A = water added (§)
b = grinding aid added (gal} A = grinding ald added (€)
¢ = waight of solution (Ib) C = weight of solution (kg)
d = density of grinding aid D = density of grinding aid
as received (Ib/gal} as received (kg/f)
e = density of solution (Ib/gal) | £ = density of solution (kg/f)
f = percent solids in solution F = percent solids in solution
(expressed as decimal) (expressed as decimal)
r = percent solids in prinding aid
as received (decimal)
nt = mill output rate (tph) M = mill output rate (kg/h)
v = solution addition {cc/min}
£ = solution addition (galfh) G = solution addition (2/h)
h = solids addition (Ib/h) H = solids addition (kg/h)
i *= b solids/ton cement I = grams solids/kg cement
k = percent solids in cement

233
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21.02 Fineness of Portland Cement by Turbidimeter (Wagner)

This formula is only applicable to cement with specific gravity of 3.15.

% 38r(2.0 —log Iso)
1.5+0.75log [, tlogl,, + logl, +logl,  —9.5log/,

where
= specific surface of sample (cm?/g)
r = corrected weight percent of sample passing the No. 325 (45u)
sieve.
17_5, s « = w5 bgg: = microarnmeter reading, uA, corresponding to par-

ticle diameters 7.5, 10, .. ., 50u.

21.03 Table of Logarithms for
Turbidimeter Microammeter Readings

This table has been developed to simplify the physical testers task in
calculating the specific surface of a sample. The table should be copied
and posted on or near the turbidimeter.
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21.04 Particle Size Distribution

The turbidimeter test data can be used to calculate the particle size dis-
tribution of a cement sample. For a detailed description of the calculations
refer to the Appendix of the specification ASTM C-115, Part 9. The work-
sheet below can be used in the computation of this particle size distribu-
tion.

Percent by weight
fraction | cummulative

loglss =loglsg= .... X475= ....
loglag —loglas = .... Xa425= _...
loglgs —10g140 B oy K3TSS wpes
logfsg —loglas = ... X325= ....
IOgIgs —logfg = .... X275 = ....
logfag —loglas = . ... X225= ...
loglis =loglzp= .... X175= ....
logho —loglis= .... X125= ...
logls =loglip = X 88 =
200 =logls= X 38 =

total x, =

_— r -

- totalx = e s aaw

Fractional percent = Fx1,2,...

Note: r = percent passing the 325 mesh sieve (4540)
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PROBLEMS AND SOLUTIONS

21.03 Determine the specific surface and the particle size distribution of
the cement sample given below. The microammeter readings from
the turbidimeter are shown in the first column under “J”.

Cement sample No:  .....
Specific gravity: 3.15
Percent passing 325 sieve: 90.5

Surface determination Particle size distribution
Particlesize 7  log/ logl~logl x percent cummulative
50 11.0 1.041 0.016(47.5)= 0.760 74 90.5
45 114 1.057 0.015(42.5)= 0.638 6.2 83.1
40 . 11.8 1.072 0.011(37.5)= 0413 4.0 76.9
35 12.1 1.083 0.034¢32.5)= 1.105 10.8 72.9
30 13.1 1.117 0.053(27.5) = 1458 14.2 62.1
25 14.8 1.170 0.023(22.5)= 0.518 51 47.9
20 156 1193 0.043(17.5)= 0.753 73 42.8
15 17.2 1.236 0.063(12.5)= 0.788 7.7 355
10 19.9 1.299 0.035(8.8) = 0.308 30 278
7.5 216 1.334 0.666(3.8) = 2.531 24.7 4.8
0.7500g I'75) = 1.001 Total x; 9.272
1.500 90.5
F=—=0976
Subtotal: 11.728 9.272
-951loglsg = =9.890
1.838

38(90.5) (2.0 - 1.041)
1.838

o]
]

1794 = 1790 cm?/g
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Chapter 22

STEAM ENGINEERING

22,01 Latent Heat of Vaporization

This is the heat required to change 1 Ib (English system) or 1 kg (metric
system) of boiling water to steam.

Boiling temperature Latent heat of vaporization
°F °C Btu/tb " keal/kg
32 0 1075.8 597.7
50 10 1065.6 5920
68 20 1055.5 586.4
86 30 ‘ 1045.2 580.7
104 40 10349 5749
122 50 1024.6 569.2
140 60 1014.1 5634
158 70 1003.5 5575
176 80 992.7 551.5
194 90 981.6 545.3
212 100 970.3 539.1
302 150 908.6 504.8
392 200 8336 463.1
482 250 736.9 4094
572 300 594.1 330.1
662 350 383.1 212.8

241
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22,02 Saturated Steam Pressure
(Rankine’s formula)

, 6.1007 - 2720, 393670
o = T Tt

where

absolute pressure (psi + 14.7)
absolute temperature (F + 460)

Tt u

4
T
Example: What is the absolute pressure of saturated steam at 245°F?

loap = 6.1007 = 220 393670 _ 1 43631
08P = O T 05 T 7052

p = 27.31 psi {absolute) (ams.)

22.03 Enthalpy

This is the heat required to change the state of water or ice.

a) Enthalpy of liquid

to change 1 1b water from 32° to boil = 180 Btu’s
to change 1 kg water from 0° C to boil = 100 kcal.

b} Enthalpy of vaporization (at atmospheric pressure)

to change 1 Ib of water from boil to steam

970.2 Btu’s
to change 1 kg of water from boil to steam

= 539.] Btu’s

¢} Enthalpy of fusion

to change 1 1b of ice to water =

= 144 Btu’s
to change 1 kg of ice to water = 80 Btu’s
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22.04 Superheated Steam

Saturated steam shows the same temperature as the water during evapo-
ration. Superheated steam is defined as the condition where all the water
has evaporated and the steam temperature has been raised.

Tw
v = 0,591 — -0.135w
p
Q = 048[T-1027(P)%] + 8572
where
y = volume of steam (ft*)
T = absolute temperature (°F + 460)
p = absolute pressure (psi + 14.7)
w = weight of steam (Ib)
P = pressure of steamr (1b/ft?)
Q = Btu’s required

Example: a) What volume does 1 1b of steam occupy at 14.6 psi _and

480°F? A

940X 1
v = 0.591

-(0.135X 1) = 37911t* (ans.)

b) What amount of heat is required to produce 1 1b of steam at 450°F and
2100 1b/ft? pressure?

0 = 0.48[910 — 10.27 (2100)*] +857.2 = 1260.6 Btw's (ans.)
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22.05 Properties of Steam

a} English system of units

SATURATED STEAM

°F r Ve kg
32 08854 3306 10758
40 12170 2444 1079.3
50 17811 1703.2 1083.7
60 2563 1206.7 $088.0
70 3631 8679 1092.3
80 .5069 633.1 1096.6
90 6982 468.0 1100.9
100 9492 3504 1105.2
120 1.6924 203.27 11137
140 2.888¢6 123.01 1122.0
160 4.741 77.29 11302
180 7.510 50.23 1138.1
200 11.526 33.64 11459
212 14.696 26.8 11504
240 24.969 16.323 1160.5
260 35.429 11.763 1167.3
280 49.203 8645 1173.8
300 67.013 6.466 11797
320 89.66 491 1185.2
340 118.01 3.79 1190.1
360 153.04 296 1194 4
380 195.77 2.34 1198.1
400 . 24731 1.86 1201.0
450 4226 1.10 1204.6
500 680.8 0.6749 1201.7
550 1045.2 0424 1190.0
600 15429 0.2668 1165.5
1
density of steam = — = Ib/ft?

Vg
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absolute pressure, 14.7 + gage pressure (psi)

specific volume, fi3/ib of steam

b) Metric system of units

245

= enthalpy of saturated steam, i.e., the heat required to raise water
from 32°F and turn it into steam at the stated pressure.

SATURATED STEAM
Temp. 7} Ve hg

°C) (atm.) {m3/kg) (kcal)
0 0.00602 206.39 5977

4 0.00828 152.57 599.6
10 0.01212 106.33 602.1
16 0.01744 75.33 6044
21 0.0247 54.18 606.8
27 0.0345 39.52 609.2
32 0.0475 29.22 611.6
38 0.0646 21.87 614.0
49 0.1152 12.69 618.7
60 0.1966 7.68 623.3
71 0.3226 4.83 6279
82 0.5110 3.14 6323
93 0.7843 2.10 636.6
100 1.000 1.67 63%.1
116 1.699 1.02 644.7
127 24108 0.73 648.5
138 3.348 0.54 652.1
149 4.560 0.404 6554
160 6.10 0.307 6584
171 8.03 0.237 661.2
182 1041 0.185 663.6
193 13.32 0.146 665.6
203 16.83 0.116 667.2
232 28.76 0.069 669.2
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Chapter 23
ELECTRICAL ENGINEERING
23.01 The Basic Formulas
E?
P=— = IR = EI
R
{ =current
E? P E (amps)
R==— s==xwm— E = electromo-
P 1 4 tive force
(volts)
R = resistance
= _P_ (ohms)
£ = (PR)% _T = R P =power
(watts)
PN )
" E R%* R
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923.02 Direct Current Circuits

a) Series circuits (DC}

R? = R1+R2+...+R"
E] = IrR]
E: = IR,

E, = E +E+.. . tE,

| Itle
P'z = IrzRg
P, = I+E,

= P1+P2+..4+Pn

b) Parallel circuits (DC)

E E
Il = —r d 12 = _f_
R, Rj
If = I1+Iz+...+]n
R, - R\R; ...R,

Ry +Ry+...tR,

247

R,= total resis-
tance

Ey = total EM
force

P, = total power

I, = total current
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23.03 Alternating Current (AC)

a) Characteristic values in a cycle

E,, = maximum voltage E = effective voltage
= 1414 = 0.707E,,
= 1572, = 1L11E,
= O'SEpeak-peak = 0'3SEpeak-peak
E, = average voltage E poak-peak = Peak to peak voltage
= 0.636E,, = 2.0,
= 0.9 = 2.828F
= 0318001 peak = 3.14F,

Notes: When converting AC to DC voltage, the average voltage, £y,
is used in the calculation. The characteristic curve for current is the
same as for voltage, i.e., replace the above signs £ with 7 to obtain
the values for current. For AC circuit calculations, effective voltage
and effective current are used. Most AC measuring instruments
show effective voltages and currents.
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b) Frequency of an AC cycle (hertz, cps)

Cycle frequencies are expressed in terms of cycles per second (cps) and
hertz (hz) both of which have the same meaning. In other words, if an AC
has 60 hz or 60 cps, one complete cycle takes 1/60 of a second.

¢) Inductance

Unit: henry
x;, = 2nfL
where
x;= inductive reactance (ohms)
f = frequency (hz)
L = inductance (henry)

d) Capacitance

Unit: farad
c =2

E

KA
C, = 02248 —m
(10X 10%)d
where

C = capacitance (microfarads)
K = dielectric constant
A = effective area of plates (in.?)
d = thickness of dielectric (in.)
¢y = capacitance (farads)
{ = charge {coulombs)
E = electromotive force (volts)
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e} Generator

V., = E-internal RJ
1
W, =—-
efficiency
[} Motor
¥V, = E+internal RY
W = (efficiency)V,/
g) Impedance

Definition: The total opposition to an altemat-
ing current including resistance and reactance.

E
Z ==
I

For an “RL” (resistance-reactance) circuit:
- 2 2
Z = R*+x;

For an “RC™ (resistance-reactance capacitance)
circuit:

Z = R*+x?

k) Capacitive reactance

X
€ 2nfC,

Cy = capacitance
(farads)

E = electromo-
tive force
(volts)

[ =frequency
(hz)

I =current
(amps}

R = resistance
{ohms)

x; =inductive
reactance
(ohms)

X, =capacitive
reactance
{ohms)

V, =terminal
voltage

W = mechanical
power
output

W; = mechanical
power
consump-
tion

Z = impedance
(ohms)
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23.04 Useful Electrical Formulas

a) Direct current

hp746
A =
V(eff)
W o= A
1000
1000kW
A . =
A
VA(eff)
hp £ —
746
b) A-C current—single phase
A _ hp746
V(eff)PF
V —a) 1000
A = Lk—a)_._
Vv
AV
kV—-a = —
1000
kW 1000
A =
(V)PF
AVPF
kW o e
1000
AV{eff)PF
hp = i ——

746
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¢} A-C current—two phase—four wire

" _ T746hp
2V(eff)PF
A o lwiooo
"~ QVPF
V - a)}1000
A = _(I_(L
2V
VA2PF
kW = —
1000
VA2(eff)PF
hp =———
746
2VA
kV-a = ——
1000

d} A-C current—three phase

746hp
1.73V(eff)PF

A =

1000(kV - a)
1.73V

1.73VA
1000

kV-a =

kW1000
1.73VPF
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1.73VAPF
kW P S s R,
1000
VA(eff)1.73PF

h =
o 746

Note: PF = power factor

253
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PROBLEMS AND SOLUTIONS

a) In an AC circuit, the maximum current, f,,, is given as 95 A. Whatis
the effective amperage on this vnit?

Solution: from 23.02 (a),
[ = 07071,
hence

I = (0.707)(95) = 672A (ans)

b) An AC—three phase motor reads a current of 75 A, an effective voltage
of 350 and a power factor of 0.93. What is the power usage of this
motor?

Solution: from 23.03 (d)

_ (350)(75)(93)(1.73)
- 1000

kw

= 422kW (ans)

¢) What is the power usage on a DC-motor that shows 350 V and 75 A?
Solution: from 23.03 (a)

w o 35009

= 263kW (ams)
1000

d) The terminal voltage on an AC motor is 220 V, the current is 1.33 A
and the mechanical power output is stated as 175 W. What is the effi-
ciency of this motor?

Solution: from 23.03 (f)

175

nasm - W = 080 ()

efficiency =



Chapter 24

FAN ENGINEERING

24.01 Fan Laws
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When n and Q are constant:

fan horsepower
absolute temp. (F + 460)
air density

™3 TID

24.02 Total Efficiency of a Fan

0.0001570(p1ota))

ff, =
L2 PV T A

(NOte: Piotat = Pstatie + pve!ocln;)

h t t
—-1 = L h2 hl —..1—
hy I ta
D2 tl tl
= F oo P2 P —
O ta ' fa
h d d
i hy hy =
hy dy dy
P _ dy P P dz
e T g 2 157
ppr d . dy

flow rate

fan static pressure

fan speed

Q =flow rate
h = hotsepower
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24.03 Static Efficiency of a Fan

_0-000 1 57Q(Psraﬁc)
effﬂaﬂc = A

24.04 Air Horsepower

: 1440(p; —p1)

. airhp = —m———"
33,000

24.05 Shaft Horsepower

dhaft b air horsepower
a o ———
P efficiency

24,06 Similar Fans

For fans operating at the same speed and handling
the same gas:

2
& _ (‘2”)
(02 D,
ﬂ

2
Dy
ha D

24.07 Fan Static Pressure

Pstatic = P2 +h

257

D1 = inlet pres-
sure

* pa = outlet pres-

sure

D = diameter
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PROBLEMS AND SOLUTIONS
For all problems, given a fan with the following operating characteris-
tics: flow rate—14,500, horsepower—25, fan speed—940, static pres-
sure—12,0, density of air—0.071,

a) What flowrate is obtained when the horsepowel; on this fan is increased
to 40 hp?

1/3
0, = 14,500(40/25), = 16,959 = 17,000 (ans.)

b) What fan speed is needed with the same motor to obtain a flowrate of
16,0007

ny = 940 (16,000/14,500) = 1037 = 1040 (ams.)

¢) What is the fan static pressure when the fan speed is beiﬁg increased to
10507

p2 = 120(1050/940)° = 1497 = 150 (ans.)

d) What percent less fan horsepower is needed to obtain the same flow
rate when the density of the air is 0.063?

By = 25(0.063/0.071) = 22.18
and

[(1.0-(22.18/25.0)1100 = 11.3 percent (ans.)



Chapter 25

. FLUID FLOW

25.01 Viscosity

This is defined as the readiness at which a fluid flows when acted upon
by an external force.

Units:

Metric system of units

g = -centipoise = 0.01 poise = 0.01 dyne
poise = gfem/s
dyne = dyne sfcm®
English system of units
g, = Ibfftfs
M1e = slugfft/s

25.02 Kinematic Viscosity

Kinematic viscosity is expressed in centistokes units

259
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’ _#
. ==
D
g
where
= gfem?
§ = specific gravity
U = centipoise

25.03 Specific Weight

This is often also referred to as the weight density and it represents the
weight of a fluid per unit volume. In the metric system the units g/fem?
are most often used. The English system uses primarily 1b/ft® to express

the weight density.

25.04 Specific Volume

This is the reciprocal of the specific weight.

1
v, = pr—

1
vy =
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where
v, = specific volume (cm®/g or Ib/ft®)
25.05 Specific Gravity
w 14!
§ = —
Pw
where
p1 = specific weight of liquid at stated temperature
b, = specific weight of water at standard temperature
1415
§ = me——
131.5 + °APl
_ 140
130 + “Baume

(when the liquid is lighter than water).

145
145 - °Baume

(when the liquid is heavier than water).
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25.06 Mean Fluid Velocity

r
= —
A
R
V= —
Ap
RV,
V= —=
A
r
V= 1833—
d2

{when r and 4 are in English units).

r
V= 127324 E;

{when r and d are in metric units).

V= 0.2122;?;

(when @ and d are in metric units).

V= 0.408d—Q;

(when ( and 4 are in English units).

CEMENT MANUFACTURER’S HANDBOOK

V =mean veloci-
ty (ft/s or
m/s)

flow rate
(ft3/s or
m?* /s)
area of pipe
(ft? or m?)

R =flow rate
(Ib/s or
kgfs)

p = specific
weight -
(Ib/ft? or
kg/m*)

V, = specific vol-
ume (ft*/1b
or m® /kg)

d = diameter of
pipe (in. or
cm)

Q = quantity
(gal/min or
liter/min)

~
n

]

A
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25.07 Barometric Pressure

This is the atmospheric pressure above zero absolute. Barometric pres-
sure is always positive.

25.08 Atmospheric Pressure

Standard conditions (0°C or 32°F at sea level)

atmospheric pressure = 14.7 Ibfin.?
atmospheric pressure = 2990 in, Hg
atmospheric pressure = 760 mm Hg
atmospheric pressure = 101.22kPa

Note: the kPa (kilopascal) is the official unit accepted in the Inter-
national system of units to express pressure,

25.09 Gauge Pressure

This. is the pressure above atmospheric pressure. When stating gauge
pressure of a gas the plus or minus sign must also be shown to indicate
pressure Of vacuum.

25.10 Hydraulic Radius

cross-sectional area

hydraulic radius = -
wetted perimeter

25.11 Pressure Loss in Any Pipe
These formulas apply to any liquid.

fLv?
D%

hl =



264

where

hy 0 T fey e
Sl
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Iy’
144D7%g

friction factor

length of pipe (ft)
mean velocity (ft/s)

grav, constant = 32.2
specific weight (lb/ft*)
pressure drop (psi)

[N S N { O 1Y N S |

25.12 Friction Factor

diameter of pipe (internal diameter ft)

loss of static head due to friction and flow (ft)

= friction
factor

R, =Reynolds
number

H, = viscosity
({b/ftfs)

¢ = absolute
viscosity
(centi-
poise)

D = diameter of
pipe, in-
ternal dj-
ameter (ft)

Y = mean ve-
locity
(ft/s)

p = density of
fivid
(Ib/ft*)
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25.13 Poiseuille’s Law

for Laminar Flow

uLy

AP = 0.000668 —-
d2

25.14 Reynolds Number

The Reynolds number expresses the nature of
the flow. When R, < 2100 = laminar flow; when
R, > 4000 = turbulent flow.

o BB
Re - '
Sl ¢
Re = 3160"9"'
de

25.15 Critical Velocity

265

d = diameter of
pipe (in.)
AP = pressure
drop (psi)
L =length of

pipe (ft)

', = absolute
viscosity
(slugs/ft/s)

v, = kinematic
viscosity
(centi-
stokes)

In fluid flow, the critical velocity is found at a Reynold’s numbers of
2000-4000, i.¢., when the flow changes from laminar to turbulex_lt.
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25.16 Total Head

144 V3
144p

P4 2
V!
z+h+—

z+

z+h+h,

25.17 Pressure Head

144p
2

25.18 Velocity Head

_ (Loss of Static Head)
V‘Z
h, = —
N

25.19 Resistance Coefficient

Resistance to flow due to valves, elbows, etc.

k—fL

D

h h
K = o _ e

H =total head
(ft)

z = potential
head above
reference
level, ie.,
difference
in elevation
{ft)

p = pressure (psi
gauge)

= fluid density

(b/ft3) |

mean veloc-

ity {ft/min)
gravity con-

stant (32.2)

h = pressure
head (ft)

y = velocity
head (ft)

f = frction fac-
tor

L =length of
pipe

D = diameter of
pipe

hy, =head loss |
(see 25.21)

k = resistance
coefficient

[}

vV

[
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| 25.20 Bernoulli’s Theorem

V1: ) sz
zl'l'hl-l'?g- = z:+hz+—2-s:+h1

25.21 Head Loss

144 AP
h, =
2

25.22 Flow Coefficient of Valves

29.94%
v ky.

25.23 Flow Through a Valve

Condition: viscosity similar to water.

25.24 Pressure Drop Through Valves

2
.- 4
624 \C,

267

z =glevation
head

h = pressure
head

; = pressure loss
¥V = mean veloci-
ty

C,= flow coeffi-
clent for
valves

d = diameter,
(in.)

k = resistance
coefficient
of valve

Q = quantity
(gal/min)

AP= pressure
drop (psi)

p = density
(Ib/ft?)
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25.25 Flow Through Pipe
0 = A

Note:  can also be expressed in ft? /min but
v must then also be expressed in ft/min.

25.26 Velocity vs. Cross-Sectional Area

Vi Az
Va A]

25.27 Potential Energy for Fluids

E, =Wz
E, = Wh
w'v?
E, =
%

25.28 Total Energy of a Liquid

E't=Ee+Ep+Ev

Q1= quantity
(ft3/s)

A =area (ft?)

v = mean veloci-
ty (ft/s)

E, = total energy
E, = energy due
to elevation

- (ft-lb)

E, = energy due
to pressure

E, = Kkinetic
energy
(ft1b)

W'= weight of
mass (1b)
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25.29 Power of a Liquid

Rate at which a liquid can do work.

P, = Wz
P, = Wh
wy?
P, =—
P4
P, = P,+P +P,
= FE
77 550

25.30 Flow Through Nozzles and Orifices

0 = CA(2h)*

0 = cA{(21444P)/p] "

25.31 Flow Coefficient

Ca

269

P, =elevation
power
(ft-lb/s)

Pp = pressure
power

P, = velocity
power

P, = total power

W = weight of
liquid per
unit time

(Ib/s)

Q = rate of flow
(ft*/s)

C = flow coeffi-
cient

A =area of ori-
fice (ft?)

hy =loss of head
due to flow
(ft)

AP= pressure
drop (psi)

p = density
(Ib/ft3)

C4= discharge
coefficient

d, = diameter of
orifice

d, = diameter of
pipe up-
stream
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25.32 Flow Through Pipes

%
¢ = 19.654% (_hl) k = resistance
k coefficient
d = diameter of
. pipe, inter-
25.33 Flow Through Rectangular Weir nal diame-
ter (ft)
g = 0415(L — 0.2k )k, 5(2)" g = flow rate
(ft*/s)
Ifh, > L, then L =length of
crest
q = 0.386Lh,'*(2)* h,= weir head
. g =constant
(32.2)
25.34 Flow Through Triangular Weir
031k, 252"
L tan ¢

25.35 Gas Flow Measurements

a} Location of sampling ports

For accurale measurements, the sample ports should be located from
one half to two duct diameters upstream and two to eight duct diameters
downstream from disturbances such as bends, reductions, and others.
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b} Minimum of traverse points

To obtain accurate results, aminimum of 12 traverse points are required
in the duct cross section as shown in the following sketch:

b
el bemmpd
H
e
|
-
1
|
Lol
|
» |
i
*—
]
%
1

¢} Traverse points for circular stacks

Ta cover equal areas in a circular stack or duct and thus obtain an ac-
curate traverse, the following table can be used to locate individual points
in the traverse.
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Traverse Total traverse points per diameter

point 6 8 10 12 14
1 .044 .033 .025 021 018

2 147 105 .082 067 057

3 295 .194 146 .118 .099

4 705 .323 .226 177 146

5 853 677 342 250 201

6 956 806 658 355 269

7 895 774 645 366

8 967 854 750 634

9 918 823 731
10 975 882 799
11 933 854
12 979 901
13 943
14 982

Numbers indicated are fractional distances of the diameter.
Example: When a 12-point traverse has to be made on a stack having an
inside wall diameter of 72 inches, where must the fourth traverse point be
located?
Solution: (.177)(72) = 12.7 in. from the inside wall  (ans.)
V = velocity
(fpm)
25.36 Pitot Tube Measurements Ap= differential
pressure
Ap\* (in. H,0)
ft*)
wiige BAR = absolute
1.325( BAR ) pressure in-
t+460 side duct
(in. Hg)
t = gas tempeta-
Note: When the pressure of the gas is 29,92 ture (°F)
in. Hg and the density equal to air then: Q = flow rate
(cfm)
V = 174[Ap(t + 460)] ¥ A =duct cross
section(ft?)

d

Q= AV
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95.37 S-Tube Measurements

The S-tube operates on the same principle as the pitot tube but is pri-
marily used to measure gases that contain dust particles which would have
the tendency to plug a pitot tube. To use the S-tube, the tube factor (c,)
has to be known or be determined by calibration. Normally,c, = 0.85-
0.90. The velocity is calculated by the following formula where “Ap™ and
“d” have the same meaning as in the preceding formula.

V = ¢,1096.7(Ap/d)y*
25.38 One-Point Traverse

In cases where only approximate flow rate determinations are required,
a one-point reading of the differential pressure can be made in the center
of a circular duct. However, the calculated velocity (¥) has to be multi-

plied by a factor of 0.91 to obtain the approximate average velocity in the
duet.

25.39 Conversions of Flow Rates

a) English system of units

.0 ( 520 )(in.Hg)
Oser 2f\s + 460/ \ 29.92
_ £+ 460\f 29.92

Qocr = %er\ 520 M\in. Hg

" b) Metric system of units

el ( 273 )(mmHg)
@) \r+273/\ 760
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T+273\/ 760
m? = Nm?
foct) 273 /\mm Hg

where
Quer = volume at standard condition (60°F, sea level)
Nm® = volume at standard condition (0°C, sea level)
t = temperature of gas (°F)
T = temperature of gas (°C)

95 40 Flow Determination with Orifice Plate

In small diameter pipes, an orifice plate is usually more conveniently
employed than a pitot tube to measure flow rates.

Rules to follow

d

- = > (7
D

m = <0.02D
x;, = 25D

8.0D

tad
w
1]
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For air only, the velocity is calculated by the formula

V = 174c,[Ap( + 460)] %

For gases other than air, use the formula given in 25.30. The flow coeffi-
cient (¢,,) can be found in the following table.

Values for ¢,

Aqld 0.1 0.2 0.3 04 05 0.6 0.7

3in,.pipe .619 ~ .631 653 .684 728 .788 .880
6 in. pipe 616 627 648 677 719 3717 869
12in. pipe  .610 620 637 663 .700 756 848

velocity (fpm)

differential pressure (in. H,0)
temperature of air (°F)

area of pipe (ft?)

area of orifice (ft?)

wnEnn

N R I

»

2541 Ventury Meters

Flow ]
B

(Note: d = 0.5-0.33D)
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For air only

V = 174c,[Ap(t + 460)] #

where

cy, =

i | %
08 [1 - (AQ/A.)*]

V = velocity
(fom)

p = differential
pressure
{(in. H,0)

t =temperature
CF)

A= area of pipe
at“D” (ft?)

A= area of

throat (ft?)
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Chapter 26

HEAT TRANSFER

Symbols used:

i

= cross-sectional area (ft? or m?)

= area at right angle to direction of heat flow (ft?> or m*)
= radiation area (ft?)

= surface area in contact with the gas

= specific heat (Btu/Ib°F)

= specific heat (kcal/kg°C or Btu/Ib°F)

= specific heat of gas (keal/kg®C or BtufIb°F)

= specific heat of solid (keal/kg°C or Btu/Ib°F)

= distance (ft or m)

inside diameter of pipe (ft)

= quantity of heat transferred per unit time

= rate of temperatlire change with distance in the direction of
the heat flow.

d = heat transfer coefficient
Hy; = radiant interchange of heat of two bodies (Btu/h ft?)
H = heat radiated (Btu/h ft*)

SIS RIE D ROL 08 B2
[}

277
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fluid film coefficient (Btu/h ft? °F)

rate of heat flow (Btu/h)

intensity of radiation (cal/s cm?)

coefficient of thermal conductivity

natural convection coefficieﬁt

thermal conductivity (Btu-ft/h ft? °F)
quantity of heat (Btu or kcal)

quantity of heat transferred in unit time
quantity of heat received (English or metric units)
quantity of heat radiated (English or metric units)
initial temperature (F, C, R, or K)

final temperature (F,C, R, or K)

absolute temperature (Kelvin)

absolute temperature (Rankine)

absolute temperature of hotter body (Rankine)
absolute temperature of colder body (Rankine)
least temperature difference

largest temperature difference

temperature of the gas

ternperature of the solid

weight of body (English or metric units)
weight of gas (English or metric units)

weight of solid (English or metric units)
emissivity factor

area factor

Stefan-Boltzmann constant = 0.174 X 1078
absolute viscosity (lb/ft h)

constant = 1,36 X 1072

time
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26.01 Heat Required for a Temperature Change
This formula can be used in English or the metric system of units:

Q = ew(ta~t1)
26.02 Conduction

This is defined as the transfer of heat within a substance or from one

substance to another while they are in contact with each other. Use English
or the metric system of units.

kA
Q= ’E‘ (ta—t1)
Fourier's law:
d dt
-..9.. = —kAl ———
de dx

26.03 Convection

_This is defined as the transfer of heat by the motion of the particles of
the heated substance itself, Convection occurs only in liquids and gases by

circulation. This formula is applicable to the English and the metric sys-
tem: .

Q= kA(ta-1)



280 CEMENT MANUFACTURER’S HANDBOOK

26.04 Radiation

This is defined as the transfer of heat from one body to another with-
out the two being in contact with each other.

-2

0 =

Stefan-Boltzmann law

This law expresses the relationship between the intensity of radiation
and the absolute temperature of the body. Fora “black’ body

I = aT

H, = ya(T,)
H, = 0.17"4a(T,,/100)‘1
Emissivity and absorptivity

H = 0.174 X a(T,/100)*

Note: A perfect black body is the best emitter of radiant energy. In
other words, x = 1.0. For all other substances, x = > 0and< 1.

Heat exchange between two radiant bodies .
Hyy = 0.174X (T, /100)* (T2/100)*
Likewise, the heat radiated from a specific area:

Hy, = 0.174XX,(T:/100)* (T2/100)*

where

—+—-1
Xy X2
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Mean radiant temperature
L]

This is defined as the mean temperature of all the surrounding surfaces.

Logarithmic mean temperature difference
At 2= At 1

IMTD = 0434 ——
log (Atz/Aty)

26.05 Nusselt Number (N, )

N_hD
u ks

26.06 Prandtl Number (P,)

C
Pr =L‘u
k2

26.07 General Heat Transfer Equations

(ras to a solid
Qg = dc(Tg —Tl)acﬂ

If gas is used to cool a solid
wgcx(tgz - tgl) = W-‘c-*(t-i’l - tSz)
If gas is used to heat a solid

wgcg(tg: _tgz) = w,c‘,(t_‘,2 _tn)
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26.08 Temperature Equivalents

o
o 5]
it

9
=°C+32
5

°C

: (°F - 32)
9

Absolute temperatures

°F + 459.6
°C+273

Rankine

I

Kelvin

26.09 Temperature Conversion Table

The number in the center of each column can be converted to either
Centigrade or Fahrenheit units by using the appropriate value given to the
left or right of this number. Example: convert 40°F to Centigrade: on
the left = 44°C. Likewise, convert 40°C to Fahrenheit: on the right =

104°F.

oC OF OC OF
—45.6 -50 -58 -12.8 9 48.3
-40.0 =40 ~40 -12.2 10 50.0
=344 ~30 =22 -11.7 11 51.8
=289 =20 -4 -11.1 12 53.6
-233 -10 14 -10.6 13 554
-17.8 0 32 -10.0 14 57.2
-17.2 1 33.8 -94 15 590
-16.7 2 356 -89 16 60.3
-16.1 3 374 - 83 17 62.6
-15.6 4 39.2 - 178 18 64.4
-15.0 5 41.0 - 1.2 19 66.2
-14.4 6 42.8 - 61 20 68.0
-13.3 7 44 6 - 6.1 21 69.8
-13.3 8 46.4 - 56 22 71.6
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°c °p °C °F
- 50 23 734 17.8 64 147.2
- 44 24 75.2 18.3 65 145.0
~39 25 77.0 18.9 66 150.8
- 33 26 78.8 194 67 152.6
-28 27 80.6 20.0 68 154.4
-22 28 824 20.6 69 156.2
- 17 29 84.2 21.1 70 158.0
- 11 30 86.0 21.7 71 159.8
- 0.6 31 87.8 22.2 72 161.6
0 32 89.6 22.8 73 163.4
0.6 33 914 23.3 74 165.2
1.1 34 93.2 23.9 75 167.0
1.7 35 95.0 24.4 76 168.8
2.2 36 96.8 25.0 77 170.6
2.8 37 98.6 256 78 1724
33 38 100.4 26.1 79 174.2
39 39 102.2 26.7 80 176.0
4.4 40 104.0 27.2 81 177.8
50 41 105.8 27.8 82 179.6
5.6 42 107.6 28.3 83 1814
6.1 43 109.4 289 84 183.2
6.7 44 111.2 29.4 85 185.0
7.2 45 113.0 300 86 186.8
7.8 46 114.8 30.6 87 188.6
83 47 116.6 31.1 88 150.4
8.9 48 1184 31.7 89 1922
9.4 49 120.2 322 90 194.0
10.0 50 122.0 32.8 91 195.8
10.6 51 123.8 333 92 197.6
11.1 52 125.6 33.9 93 199.4
11.7 53 1274 344 94 201.2
12.2 54 129.2 350 95 203.0
12.8 55 131.0 356 96 2048
13.3 56 132.8 36.1 97 206.6
13.9 57 134.6 36.7 98 208.4
144 58 136.4 37.2 99 210.2
15.0 59 1383 378 100 212
15.6 60 140.0 433 110 230
16.1 61 141.8 48.9 120 248
16.7 62 143.6 54.4 130 266
17.2 63 145.4 60.0 140 284




284 CEMENT MANUFACTURER’S HANDBOOK
°c °F °C °F
65.6 150 302 293 560 1040
71.1 160 320 299 570 1058
76.7 170 338 304 580 1076
82.2 180 356 310 590 1094
87.8 190 374 316 600 1112
93.3 200 397 321 610 1130
98.9 210 410 327 620 1148
104 .4 220 428 332 630 1166
110.0 230 446 338 640 1184
115.6 240 464 343 650 1202
121.1 250 482 349 660 1220
127 260 500 355 670 1238
132 270 518 360 680 1256
138 280 536 366 690 1274,
143 290 554 31 700 1292
149 300 572 377 710 1310
54 310 590 382 720 1328
160 320 608 388 730 1346
166 330 626 393 740 1364
171 340 644 399 750 1382
177 350 662 404 - 760 1400
182 360 680 410 770 1418
188 370 698 416 780 1436
193 380 716 421 790 1454
199 390 734 427 800 1472
204 400 752 454 850 1562
210 410 770 482 900 1652
216 420 788 510 950 1742
221 430 806 538 1000 1832
227 440 824 566 1050 1922
232 450 842 593 1100 2012
238 460 860 621 1150 2102
243 470 878 649 1200 2192
249 480 896 677 1250 2282
254 490 214 704 1300 2372
260 500 932 732 1350 2462
266 510 950 760 1400 2552
271 520 968 788 1450 2642
277 530 986 815 1500 2732
282 540 1004 843 1550 2822
288 550 1022 871 1600 2912
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OC OF oC OF
899 1650 3002 1288 2350 4262
927 1700 3092 1316 2400 4352
954 1750 3182 1343 2450 4442
982 1800 3272 1371 2500 4532
1010 1850 3362 1399 2550 4622
1038 1900 3452 1427 2600 . 4712
1066 1950 3542 1454 2650 4802
1094 2000 3632 1482 2700 4892
1121 2050 3722 1510 2750 4982
1149 2100 3812 1538 2800 5072
1177 2150 3902 1593 2900 5252
1204 2200 3992 1649 3000 5432
1232 2250 4082 1704 3100 5612
1260 2300 4172 1759 3200 5792
For interpolation
DC DF
056 1 1.8
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PHYSICAL CHEMISTRY

GASES
27.01 Gas Laws

These well-known laws apply to the English as
well as the metric system of units.

Boyle's law: temperature constant

PV, =RV,
PV
P, 2K
Va
PV
Vs . Bk
Py

Charles law: pressure constant

T1 Vg = Tg Vl
B 173
T
TV
T'2 - ._1——1-
Vi
General gas law

P,V,T, = PV T,
286

P = absolute
pressure
¥V =volume
T = absclute
tempetature
(R=°F +460)
(K=°C+273)
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v 27.02 Gas Law Constant

Py
R = — = constant
T
R = pasconstant
R = 0.0821 liter-atm/°K
R = 0.73 ft*-atm/°R Ib-mole
R = 1544 ftdb/°R lb-mole
For any gas
w
PV = -—RT
M

27.03 Avogadros Law

A mole of any substance contains the same num-
ber of molecules, Equal volumes of all gases under
the same temperature and pressure conditions con-
tain the same number of molecules:

M,
Wa Mg

Wy

The number of molecules in a mole of any sub-
stance is constant. Avogadro’s number = 6.02 X
10% (at standard condition). Also: 22.4 liters of
any gas at standard condition contains the above
number of molecules,

287
P = absolute
pressure
¥V = volume
T = absolute
temperature

R = gas constant
w = weight of gas
M = molecular

" weight
w = weight {g)
M = molecular

weight
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27.04 Density of a Gas

. PM
- (1000)(0.0821)T

27.05 Standard Condition of a Gas

At 0°C, 1 atm.

27.06 Normal Density of a Gas

d, = gfliter at 0°C, 1 atm.
27.07 Molecular Weight of Gases

M

22.41d,

10004(0.0821)T
P

w(0.0821)T
Py

27.08 Density Changes of Gases

T, P
dg = dl <k Rk
T, B

PM
d = —
RT

d = density
(g/cm?)

d, = normal den-
sity (g/
liter)

P =absolute
pressure
(atm)

T = absolute
temperature

&)

R = gas constant

v =volume

(liter)
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27.09 Moles

+

mole = wiM
mole fraction = moles/total moles

i

mole percent = (mole fraction) 100

27.10 Volume Changes of a Gas

T\ (P

i ()

TV\/P

VI = Vg(;j(;:‘)
SOLUTIONS

27.11 Weight Percent of Solutions
This is defined as the number of grams of solute per 100 grams of sol-

vent.

Example: 14 grams of sait dissolved in 100 grams of water gives 114
grams of solution. Thus,

14
solute = m (100) = 12,28 percent

In many instances, the weight of solute is expressed also in terms of the
volume of solution, e.g., 14 grams of salt per liter of solution.

27.12 Mole Fraction of a Solution

This is defined as the number of gram molecules (moles) of solute per
total number of moles contained in the solution.
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Example: 14 grdms of NaCl @odium chloride are dissolved in 100
grams of water. (Note: molecular weight of NaCl = 58.46 and water =

18.02). Thus,

14
for NaCl, ——— = 0.239 moles
58.46

100
for water, —— = 5.549 moles
18.02

The total number of moles in solution = 0.239 + 5549 = 5.788. Hence

the mole fraction of the solute is

0.239 :
— = (0.0413 (ans.)
5.788

27.13 Molality of a Solution

The number of moles of solute per liter of water.
Example: 140 grams of NaCl per 1000 grams of water.

58.46

= 2.395 molal

27.14 Molarity of a Solution

A molar solution contains one mole of solute per liter of solution.

Example: The molecular weight of NaCl (sodium chloride) is 58.46.
Thus a molar table salt solution contains 58.46 grams of NaCl per liter of

solution.
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SOLIDS

27.15 Percent of an Element Contained in a Compound

atomic weight of element
percent = - {100)
molecular weight of compound

Example: What percent of iron is.contained in Fe204?
Solution: atomic weight of Fe = 55.85

molecular weight of Fe,03 = 159.7
Since there are 2 atoms of Fe irythe compound:

(2)(55.85)

1597 (100) = 6994 percent (ans.)

percent =

27.16 Percent of a Compound Contained in a Substance

molecular weight of compound
percent = {100)
molecular weight of substance

Example: What percent of calcium oxide are contained in calcium car.
bonate?
Solution: mol. wt. of Ca0 = 56.08
mol. wt. of CaCO; = 100.09, therefore

56.08
100.09

percent = (100) = 56.029 (ans.)

27.17 Weight Problems

Calculations involving weight and mixture problems can best be solved
by writing the problem in the form of a chemical equation as shown in the

following example.
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Example: How much calcium oxide, CaQ, and how much sulfur tr-
oxide, SOs, is required to produce 168 kg of calcium sulfate, CaSO4?

Solution:

mol. wt —> | 56.08 80.06 136.14
Ca0 + S0; — | Ca80,

kg _— X1 X2 168.0

1. kg of CaO needed:

56.08 136.14 6920 (ans)
= . = 69, ns.
x1 168 1 2
2. kg of 503 needed:
80.06 _ 136.14 - 9880 (ans)
~ e x; = 98, ans.

or

x;, = 168-6920 = 9380



Chapter 28

PHYSICS

28.01 Newton's Law of Gravitation

niy nms
F =g
a4
where

F = gravitational force
my, my = mass of bodies
d = distance between the centers of gravity of the two bodies.
£ = gravitational constant = 32.2 ft/s?

= 981 cmy/s?

28.02 Acceleration—Forces

The absolute unit is the dyne which expresses the force that produces
acceleration, i.e., a change in momentum on a body at rest or in motion.

 Metric unir: dyne = the force required to produce an acceleration of
1 cm/s? in a gram mass.

English units: poundal = the force required to produce an acceleration of
1 ft/s? to a pound mass,

293
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Fy _ F, F = force
dy iz a = acceleration
m = mass
F
a = v
m

28.03 Mass of a Body

Mass expresses the quantity of matter. The metric unit for mass is the
gram, the English unit is the pound.

R |y

28.04 Weight of 2 Body

Weight is defined as the force with which a body is attracted toward the
earth.

w = mg

28.05 Work Done
W = Fs

Work is expressed as the product of the force acting on a body and the
distance the body has moved against the resistance.

Metric system of units:

erg = force of one dyne through one centimeter
joule = 1.0 X 107 ergs
g/em = 980 ergs

14
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English system of units:
W = .ftlb = force required to move a mass of one pound a distance
of one foot.
= ft.poundal = one poundal acting through one foot.

28.06 Power

The time rate at which work is done.

W
P =—
I3
Metric units
joules
watts =
seconds
English units
ft-1b/min
horsepower = ~————
33,000
_ ft-Ib/s
550
Conversions *
-one watt = 1.0X 107 ergs/s
one kilowatt = 1000 watt
one hp = 550 ft-Ibfs
= 33,000 ft-lb/min

746 watt
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28.07 Molecular Heat of Gases

This is defined as the heat required to raise the temperature of one
gram-mole of a gas one degree Celsius.

& =¢ +R

¢, = (3/2)R (for monatomic gases only).
where

¢ = molecular heat at constant pressure

¢, = molecular heat at constant temperature

R = gasconstant = 1.988 cal/°’K

28.08 Molecular Heat of Solids

M= X8t X85+ ...,

m= Ms
where
m = molecular heat of solid
M = molecular weight
s = specific heat
x = atomic weight

28.09 Latent Heat of Fusion

This is defined as the heat required to obtain a change of state without
a temperature change in the substance. Latent heat of fusion is expressed
in either cal/mole, calfg, or Btu/lb.
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jas]
0

o
o
o

e
Iy

2
a8
1

= = 144 Btu/lb
~ 80 calfg
=1558 cal/mole

28.10 Latent Heat of Evaporation

This is defined as the heat required to change a substance from a liquid
to a gaseous state without a change in temperature. This is also known as
the enthalpy of evaporation.

Example

HiOyq, — HiOpppoy = 9702 Btuflb

539 cal/g
10,500 cal/mole

28.11 Heat of Formation and Reaction

This is defined as the heat units absorbed or evolved in a chemical reac-
tion to form one mole of a substance.

AB+CD = AC+BD+h

When the heat of formation of individual compounds is known, e.g.,

A+B = AB+a,etc.,



298 CEMENT MANUFACTURER’S HANDBOOK

then
AB+CD = AC+BD ~a-btc+d
and
h = ctd-(@+b)

where

AB,C = compounds weight

ab.c = heat of formation

h = heat of reaction

28.12 Joule Equivalent

This is the mechanical equivalent of heat.

kcal
4269

Btu
1694.1

where

J = joule equivalent (kg/m)
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28.13 Temperature of a Mixture

L]

Ty

~
-
n

For air

For O,

_wicihy twacaty t. ..
nal —

wicp +waecp ...

28.14 Gas Mixtures

p1+p2+p3+...
Wy twytwat, .,
wicy, + wae, t. ..
WICPI"'WQC‘,:"'...
Fi+tVa+Va+...

piVitpaVat..,

V V.
J ! 1+P2 2+

T T

ag az

nVitp Vot
RW

28.15 Gas Constant, R

293
26.5

28.16 Friction Coefficient

299

¢ = specific heat
¢, = specific heat

at constant
pressure
¢, = specific heat
at constant
volume
P.p = pressure
w = weight
V,v = volume
T, = absolute
temperature
T, = final abso-
lute tem-
perature

f = temperature
t; = final temper-
ature
R = pas constant
(m-kg/ffkg/

OC)

This is defined as the ratio of the force required to move one body over
the other to the total force pressing the two bodies together,

F
ko= —
Fi
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28.17 Moment of Force—Torque

This is the force that produces rotation about an axis.

L = Fd
where
L = torque (dyne-cm),
F = force that produces rotation about center (dyne), and
d = perpendicular distance from the line of action of the force to the

axis (cm).



Chapter 29

PSYCHROMETRY

29.01 Basic Psychrometric Equation
p = p'—AP(t-{)
where
6.60 X 107 (1 + 0.00115¢") when °C and
mm Hg are used.

367X 107% [1+ 0.00064(¢'~ 32)] when
°F and in. Hg are used. -

h N
]

B
n

29.02 Wet Bulb Depression

The wet bulb depression is expressed in either
Celsius or Fahrenheit units.

'

wet bulb depression = ¢t—1¢

29.03 Relative Humidity

100p
Py
301

relative humidity =

p = partial pres-
sure of wa-
ter vapor at
dry bulb
temperature

p' =saturation
pressure of
water vapor
at wet bulb
temperature

P = total baro-
metric pres-
sure

¢t =dry bulb
temperature

t' = wet bulb
temperature

P, = saturation
pressure of
water vapor
at dry bulb
temperature
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29.04 Dew Point h, = saturation
humidity,
When the partial pressure of water vapor at a dew point
stated temperature equals the saturation pressure of | h = absolute hu-
water vapor at the same temperature, the air is satu- midity
rated, i.e., the dew point has been reached. g =024+ 045h
= heat capacity
_ q T =dry bulb
hy = h+ 970.2 T-T1,) temperature
CF)
T, = saturation
temperature
°F)

29.05 Properties of Air and Water Vapor

English units
at 14.7 psia
Temperature Dry air Water vapor Vapor pressure
(°F) (Ib/t*) (Ib/ft*) (psi)
30 0811 .0504 082
32 0807 0502 089
34 - 0804 .0500 096
36 L0801 .0498 104
38 0797 .0496 113
40 0794 .0494 122
42 0791 .0492 31
44 .0788 .0490 .142
46 .0785 0488 .153
48 0781 0486 .165
50 Q779 D484 178
52 0776 0482 192
54 0773 .0481 206
56 0770 0479 222
58 0767 0477 238
60 0764 0475 256
62 0761 0473 275
64 .0758 0472 295
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English units ‘ (cont’d)

Temperature Dry air Water vapor Vapor pressure
°F) (1B/ft*) (Ib/ft?) (psi)
66 0755 0470 316
68 0752 0468 339
70 0749 0466 .363
72 0746 0465 .388
74 .0743 0463 416
76 0741 0461 444
78 .0738 0459 475
80 .0735 0458 507
82 0732 0456 4 541
84 .0730 0454 577
88 0724 .0451 ‘ 656
20 0722 .0450 698
92 0719 .04438 .743
94 0717 0446 791
96 0714 .0445 341
98 0711 0443 894
100 0709 0443 949
102 0706 0440 1.008
104 .0704 .0439 1.071
106 0701 .0437 1.136
108 0699 0436 1.204
110 0696 0434 1.276
112 0694 .0433 1.351
114 0692 0431 1.431
116 0689 0430 1513

Metric units

at 1 atmosphere

Temperature Dry air Water vapor Vapor pressure
(°C) (kg/m®) (kg/m*) (atm.)
0 1.293 -804 0061
1.1 1.288 .801 0065
2.2 1.283 .798 0071
3.3 1.277 795 0077
4.4 1.272 791 0083




304 CEMENT MANUFACTURER’S HANDBOOK

(cont'd)
Temperature Dry air Water vapor Vapor pressure
°0) (kg/m?) (kg/m?) (atm.)

5.6 1.267 788 .0089

6.7 1.262 .785 0097

7.8 1.258 .782 0104

8.9 1.251 79 0112
10.0 1.248 775 0121
11.1 1.243 772 0131
12.2 1.239 771 0140
133 1,234 767 0151
144 1.229 764 0162
15.6 1.224 761 0174
16.7 1.219 758 .0187
17.8 1.214 .756 .0201
18.9 1.210 753 0215
20.0 1.205 750 .0231
21.1 1.200 747 0247
22.2 1.195 745 0267
233 1.190 742 .0283
244 1.187 739 0302
25.6 1.182 735 0323
26.7 1.177 734 0345
27.8 1.173 131 .0368
289 1.169 J27 0393
30.0 1.165 726 0419
31.1 1.160 723 0446
322 1.157 721 0475
333 1.152 718 0506
344 1.149 714 0538
356 1.144 713 0572
36.7 1.139 710 0608
378 1.136 .708 0646
389 1.131 705 0686
40.0 1.128 703 0729
41.1 1.123 700 0772
422 1.120 .698 .0819
433 1.115 695 | .0868
44 4 1.112 694 .0919
45.5 1.109 690 0973
46.7 1.104 689 .1030




PART V

EMISSION CONTROL AND
PLANT EQUIPMENT



Chapter 30

TEST FOR PARTICULATE EMISSIONS

Formulas used to determine the particulate emission rate are given.
They apply to tests performed with a dry gas meter. For details of the
testing procedures, the reader is advised to refer to “Standard Performance
for Stationary Sources,” Federal Register, Dec. 23, 1971.

30.01 Data Needed for Stack Testing

A = area of stack at sample point (ft?)
D = total weight of particulate collected (g)
d = nozzle diameter of sample tube (in.)
F, = Pitot tube correction factor
CO; = percent CO, in stack gas (by volume, dry)
0, = percent O, in stack gas (by volume, dry)
N, = percent N; in stack gas (by volume, dry)
P, = absolute barometric pressure (in. Hg)
P, = average pressure drop across gas meter (in. H,0)
A = absolute static stack pressure (in. Hg)
AP, % = average square root of Pitot tube reading (in. H,0)
T, = absolute stack temperature (°R)
t = sampling time (min)
Vim = net meter volume recorded (ft?)
\ W = total water collected (ml)

/ -

307
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30.02 Summary of Results

Gy = average density of the stack gas, relative toair .....
Grains/ACF = dust concentration in stackgas ~ .....
MV, = wet meter volume at meter condition (ft*)  .....
MV, = wet meter volume at stack condition (ft®) ... ..
MV, = dry meter volume at standard condition

(ft* @ 70°F, latm.) ...,

M, = average molecular weight of stackgas  .....
M, = percent moisture in stack gas (decimal) = .....
s = average absolute meter pressure (in. Hg) .....
0, = actual stack gas flow rate (ACFM)  .....
v, = average stackgasvelocity (fps) = .....
v, = water vapor volume at meter condition (ft) e

-

30.03 Calculations

a) Conversion of water collected to gas at meter conditions
(for gas meter, internally corrected to 70°F) '

n

P
P, =P, —(13"6) S g g vy in. Hg

.....

o™

It

5

w
3; | L3
S —

]

=

i

= s oo percent (expressed as a decimal)
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¢} Density of gas relative to air
Step 1 Determination of molecular weight of gas:

Co,
41 -M) — =
a-mp2 =
0
320 -M.) — =
a-Mp= =
N,
28(1 -M,) —
a-mp = =

18M, .

CO,

()

N,

H,0

[}

Step 2 Determination of density relative to air:

- M
4 2895 U
d} Average velocity of gas
%
_ 29.92T, %
V, = 29F, PG, 4 (Apavg) B s v ft/s
e) Stack gas flow rate
g, = V460 = ..... ACFM

" f) Conversion of wet meter volume to stack conditions

MV, = V,+V, = ... ft®

m

P \( T,
MV, = MV, (—-’3'—) (—’) = s fit?
P, J\530
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g) Conversion of dry metér volume to standard conditions

MV, = Vp (ﬁ) S o s DSCF

h) Grain loading

n

Grains/ACF

5.3
( z

Grains/DSCF

[}
7S
.
éw
Sl
2
EO.

i) Emission rate

J) Percent isokinetic sampling

305.6MV,

percentiso = ———— = ..,., percent

V,td?

ooooo

.....



Chapter 31

USEFUL DATA FOR EMISSION CONTROL

31.01 Molecular Weights of Selected Gases

Gas Formula Molecular weight
Ammonia NH3 17.03
Carbon dioxide CO, 44 01
Carbon disulfide CSa 76.14
Carbon monoxide cO 28.01
Chlorine Clp 70.91
Fluorine Fa 38.00
Hydrogen chloride HCl1 36.47
Hydrogen H, 2016
Hydrogen fluoride HF 20.01
Hydrogen sulfide H,;S 34.08
Nitric oxide NO 30.01
Nitrogen Na 28.02
Nitrogen dioxide NO, 46.01
Nitrous oxide N,O 44,02
Oxygen 0, 32.00
Sulfur dioxide 50, 64.07
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31.02 Conversion Factors for Emission Rates

Multiply by to obtain
gfs 3.6 kg/h
g/s 7.9367 Ib/h
gfs 190.48 Ib/day
gfs 34.763 short tons/yr
gls 86.4 kg/day
g/s 31.536 metric tons/yr
kg/h 0.27778 g/s
kg/h 8.76 metric tons/yr
kg/h 52.911 1b/day
Ib/h 0.126 gls
Ib/h 0.45359 kg/h
Ib/h 4.38 short tons/yr
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STORAGE AND TRANSPORT EQUIPMENT

32.01 Drum Dryers
a} Evaporation rate
WM
R =—— 2000
1-M
where
b} Dryer volume

¥V = 0.7854DL

¢} Specific rate of evaporation

313

|

}

R =evaporation
rate
(b H,0/h)

W = feed rate
(tph)

m, = moisture of
feedatdryer
inlet
(decimal)

m,= moisture of
feedatdryer
outlet
{decimal)

D =internal dia-
meter of
dryer (ft)

L =internal
length of
dryer (ft)

¥V = internal vol-
ume of
dryer (ft*)

5, = specificevap-
oration rate
{Ib H,0/n/
ft?)
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d} Specific heat consumption

. =2
kR
e} Feed retention time (for approximation only)

20.56L
SND

32.02 Slurry Pumps

a) Specific gravity of slurry

The specific gravity of the slurry can be obtained
directly from the table given in 3.01 or, when the
specific gravity of the dry solids is not 2.70, it can
be calculated by the following formula:

lOOsd
s =
g (IOO—Mf)+Mde

b} Slurry pumping rate

In 3.04 a formula is given that uses the pulp den-
sity of the slurry as a variable. Another formula
that is useful;

W, 1,02
0=
(100 — My)s,
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§;, = specific heat
consumption
(Btu/lb
water evap-
oration)
@ = firing rate
(Btu/h)
= retention
time (min)
§ = slope of dry-
er (degrees)
N =speed of dry-
er (rpm)

s, = specific grav-
ity of slurry

s, = specific grav-
ity of dry
solids

W,= clinker out-
put  (tph)

W,= 1b dry solids
per ton of
clinker |

Me= slurry mois-
ture content
{percent)

Q =slurry flow
rate (gpm)
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e} Power required for pumping

. Qs

h
3 3960p,m,

d) Friction factor for pipe lines

Note: Use 0.85 if y is not known.

32.03 Bucket Elevators

a) Elevator capacity

Vo, fd
c = 1872

Note: f = normally 45 to .65

hp = horsepower
required to
pump sturry

h, = total head
(ft)

P, = pump effi-
clency

m,= mechanical
and electni-
cal efficien-
¢y of motor
and drive

F,=friction fac-
tor (ft/ft)

y =yield stress
(/ft?)

d = internal pipe

diameter (in.)

C = capacity
(tph)

V = bucket vol-
ume (ft*)

¥, = elevator ve-
locity (fps)

s =bucket spac-
ing (ft)

f =bucket load
factor

d =bulk density
of material

(Ib/it*)
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b) Elevator, horsepower required

., C@3+hsin0)

fp = 1
P 760w

32.04 Belt Conveyors

a} Conveyor capacity .

Note: 4 = 0.09/%

b) Horsepower required for belt conveyor

hp = 0.08148(0)'P[5.7+ (L) k... ..
...10.001242Csin 6 (33 + L)

For horizontal conveyors:

hp = 0.57967(C)"°

w = bucket width
(ft)

h = height of ele-
vator (ft,
sprocket to
sprocket)

= angle of in-
clination

A = cross-sec-
tional area
of material
on belt (ft?)

v = belt speed
(fpm)

r =material
width on
belt (ft)

n = efficiency
(8-9)

L =conveyor
beit length
(ft, pulley
to pulley)

C = capacity
(tph)

d =density of
material
(b/ft3)

6 = angle of in-
clination
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32.05 Screw Conveyors

a) Screw conveyor capacity

C = 0.0056254Dnkd

A = cross-sec-
tional area
of helix

i (ft?)
, performance factor D = diameter of
conveyor & = cg:l:-:y(g?
length (ft) k speed (rpm)
10 995 k = performance
20 :9 8 factor
30 97 d =bulk density
40 ‘9 6 of material
50 045 (Ib/ft*)
60 ‘93 C = capacity
70 02 - (tph)
80 '91 L =conveyor
90 ’89 5 length (ft)
100 .88 8 =conveyor
: angle of in-
clination

'b) Horsepower required

582 270

C Csind
hp = (L+30)(—-——:t )1.1
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32.06 Water Pumps

a) Centrifugal pump heed
2
.D] 14
H =
(1900 )

b} Horsepower required to pump water

OHs
3960¢

hp =

32.07 Storage Tanks

a) Contents in vertical cylindrical tanks

Q = 7481D%H,

Note: This formula applies only to flat bottom

tanks.

b) Contents in cones

V = 0.3333R%h
C = 249367R*h

H =head devel-
oped by
pump (ft of
H,0)

D= diameter of
impeller
(in.)

n = impeller
speed (rpm)

Q = water flow
rate (gpm)
hp = horsepower
needed to
drive pump
s = specific grav-
ity of water
e =pump effi-
ciency
(decimal)

C =tank content
(gal)

D =tank diame-
ter (ft)

H I = height Of
liquid (ft)

¥V = volume of

cone (ft*)
R =radius of

cone (ft)
h = height of

cone (ft)
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¢) Compressed air receivers Y gy = Minimum
" volume re-
The minimum size receiver to be used is quired (ft>)
d = first-stage
dpy displace-
Vain = po + 147 xcrcl)emnt of
pressor
(cfm)

p; = inlet pres-
sure (psi ab-
solute)

p, = outlet pres-
sure (psi
absolute)

32.08 Drag Chains C = capacity
(tph)
w = width of con-
a) Drag chain capacity veyor (ft)
h =depth of ma-
C = 18whskd terial (ft)
s =drag chain
Performance factor, k speed (ft/s)
F k = performance
drag chain Factor
length (ft) k d =bulk density
of material
20 995 conveyed
40 978 (Ib /ft3 )
60 963 L =length of
80 946 conveyor
C s ~waiol
140 208 chain {Ib/ft)
' w,,, = weight of
160 882 material in
égg ggg drag chain
: (Ib/ft)
. n = drag chain
b). Horsepower required speed (ft/s)
' : 6 = angle of in-
. (L +164\[{g + 08kwp )| Csing clination
v 33 132 | 270
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32.09 Jaw and Gyratory Crushers

a) Jaw crusher capacity
Q = fdwjna0.8

FACTOR “f™

Corrugated plates

Type of rock f

normal 3.05 X 1078
screened 2.54 X 1078
large 2.07 X 1078

Smooth plates

Type of rock f

normal 414X 1075
screened 3.64 X 1078
large 3.12X 1078

Correction factor “a”

Jawangle(®) 26 24 22 20 18

‘@’ = 10 106 1.12 1.18 1.24

b) Horsepower required
According to Viard’s formula

hp = 0.lw,s

Q = capacity
(tph)

f = factor (see
table)

d = density (Ib/
ft*)

! =length of dis-
charge open-
ing (in.)

w = width of dis-
charge open-
ing (in.)

J =length of jaw
amplitude
(in.)

n = strokes per
min

a = correction
factor for
jaw angle

hp = motor size
required

wy = width of
swing jaw
(in.)

5 = maximum

feed size

(in.)
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32.10 Stacks and Chimneys

a) Theoretical draft

1
T, +460 T,+460

d, = 0.256hPy

b} Draft loss

T, +460\ [ W _\[ 0022
d, = 00942} ~— 1+
D 100000/\" D

¢} Available {natural) draft

dpat. = d,— 4

where

d, = theoretical draft (in. H;0)

d; = draftloss (in. H,0)

h = stack height (ft)

Py, = barometric pressure (in. Hg)

T, = ambient air temperature (°F)

T, = average stack temperature (°F)

D = diameter of stack (ft)

W = gas flow rate (Ib/h)
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APPENDIX



Section A

MATHEMATICS

ALGEBRA
Al.01 Exponents

(am)" = gmn
@™ )®™) = (ab)™
a™® _n
il a”

t:-|sa
= ]
it
—
> | a
"h—-/:

a* =+
RICI.
a4 = NI
& =T
22 = \/aT
a" = %
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Al1.02 Fractions

a ¢ atoe
—_— 4 - =
b b b
a c ac
e W sy
b d bd
a c ad a d
-l - = — - — x i
b d be b c
Al.03 Radicals
n n
Va = g
n an - a
\/" a V" b = Jab
Va = il
n/b b
Al.04 Factoring
ax + gy = a(x + ¥)
at - p? = (@ + b)a - b)
a® + 2ab + b = (@ + b)?
a* — 2ab + b? = (g — b)?
a® + b? = (g + b)@® - ab + b?)
a -p = (g — bY@ +ab+ b



12X 102
12x10°
12X 10°

1.2X 10™
12X 107
12X 107

fogx + logy
logx - logy
xlogy

log a”

log V/x~

log, b

logyo ¥

| log, N
In 3.16
‘log, N7

APPENDIX

]

Al1.05 Scientific Notations

120

1200
12000

0.12
0.012
0.0012

Al.06 Logarithms

log (xy)
X

log ~

log (*)

n log a

1
—logx
n

1
log, a

04343 log, N
2.3026 log,;o N
log, 3.16

n logb N

327
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Al.07 Determinants

Simultaneous equations:

ax + by +ez=d
extfytg=h
ix tjyt+tkz =1

Solutions
dfk + bgl + cjh — cfl ~ gjd —- khb
x -
afk + bgi + cje — cfi — gia — keb
ahk + dgi + cle -~ chi — gla — ked
y =

afk + bgi + cje — cfi — gia — keb

afl + bhi + dje — dfi — hja — leb
afk + bgi + cje — ¢ff ~ gfa — keb

Al.08 Quadratic Equation

ax® +bx +¢c=0

o=bh \/.t;u2 -~ dac
2

X

If

b2 — 4ac is > 0, the roots are real and unequal,
b? — dac is = 0, the roots are real and equal,
b?* — 4ac is < 0, the roots are imaginary.



APPENDIX 329

A1.09 Powers of Ten

pico = 10712 deka = 10

nano = 107° hecto = 10?

micro = 107 kiloo = 10°

milli = 107 mega = 10°

centi = 1072 giga = 10°

N deci = 107 tera = 10'?

Al.10 Power and Roots

x x* % Vx_ x
1 1 1 1.000 1.000
2 4 8 1414 1.260
3 9 27 1.732 1.442
4 16 64 2.000 1.587
5 25 125 2.236 1.710
6 36 216 2.449 1.817
7 49 343 2.646 1.913
8 64 512 2.828 2.000
9 81 729 3.000 2.080
10 100 1,000 3.162 2.154
11 121 1,331 3.317 2.224
12 144 1,728 3.464 2,289
13 169 2,197 3.606 2.351
14 196 2,744 3.742 2.410
15 225 3,375 3.873 2.466
16 256 4,096 4,000 2.520
17 289 4913 4,123 2.571
18 324 5,832 4.243 2.621
19 361 6,859 4.359 2.668
20 400 8,000 4472 2714
21 441 9,261 4.583 2.759
22 484 10,648 4.690 2.802
23 529 12,167 4,796 2.844
24 576 13,824 4.899 2.884
25 625 15,625 5.000 2.924
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feont'd)
X .'C2 13 \/x st
26 676 17,576 5.099 2.962
27 729 19,683 5.196 3.000
28 784 21,952 5.291 3.037
29 841 24,389 5.385 3.072
30 900 27,000 5477 3.107
31 961 29,791 5.568 3.141
32 1,024 32,768 5657 3.175
33 1,089 35,937 5.745 3.208
34 1,156 39,304 5.831 3,240
35 1,225 42,875 5916 3.271
36 1,296 46,656 6.000 3.302
37 1,369 50,653 6.083 3.332
38 1,444 54,872 6.164 3.362
39 1,521 59,319 6.245 3.391
40 1,600 64,000 6.325 3.420
41 1,681 68,921 6.403 3.448
42 1,764 74,088 6.481 3476
43 1,849 79,507 6.557 3,503
44 1,936 85,184 6.633 3.530
45 2,025 91,125 6.708 3.557
46 2,116 97,336 6.782 3,583
47 2,209 103,823 6.856 3.609
48 2,304 110,592 6.928 3.634 |
49 2,401 117,649 7.000 3.659
50 2,500 125,000 7.071 3.684 |
51 2,601 132,651 7.141 3.708
52 2,704 140,608 7.211 3.733
53 2,809 148.877 7.280 3.756
54 2,916 157,464 17.348 3.780
55 3,025 166,375 7.416 3.803
56 3,136 175,616 7.483 3.826
57 3,249 185,193 7.550 3.849
58 3,364 195,112 7616 3.871 |
59 3,481 205,379 7.681 3,893
60 3,600 216,000 7.746 3.915 |
61 3,721 226,981 7.810 3.936
62 3,844 238,328 7.874 3.958

63 3,969 . 250,047 7.937 3.979
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{fcont'd}

x x2 x? Vx 5
64 4,096 262,144 8.000 4.000 |
65 4,225 274,625 8.062 4,021
66 4,356 287,496 8.124 4.041 |
67 4,489 300,763 8,185 4.062
68 4,624 314,432 8.246 4,082
69 4,761 328,509 8.307 4.102
70 4,900 343,000 8.367 4,121

<71 5,041 357911 8426 4.141
72 5,184 373,248 B.A485 4.160
73 5,329 389,017 8.544 4,179
74 5476 405,224 8.602 4.198
75 5,625 421 875 8.660 4,217
76 5,776 438,976 8718 4.236
77 5,929 456,533 8.775 4,254
78 6,084 474,552 8.832 4,273
79 6,241 493,039 8888 4,291
80 6,400 512,000 8.944 4,309
81 6,561 531,441 9.000 4,327
82 6,724 551,368 9.055 4.344
83 6,889 571,787 2.110 4,362
84 7,056 592,704 9.165 4,380
85 7,225 614,125 9.220 4,397
86 7,396 636,056 9.274 4,414
87 7,569 658,503 9327 4.431
88 7,744 681472 9.381 4.448
89 7,921 704,969 9.434 4.465
90 8,100 729,000 9487 4.481
91 8,281 753,571 9.539 4 498
92 8,464 778,688 9.592 4.514
93 8,649 804,357 9.644 4,531
94 8,836 830,584 9.695 4.547
g5 9,025 857,375 9,747 4,563
96 9,216 884,736 9.798 4.579
97 9,409 912,673 9.849 4.595
98 9,604 941,192 9,899 4.610
99 9,801 970,299 9.950 4.626

100 10,000 1,000,000 10.000 4.642
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Al.1l Fractions and Decimal Equivalents

1/32 = 0.03125 17/32 = 0.53125
1/16 = 0.0625 9/16 = 0.5625
3/32 = 0.09375 19/32 = 0.59375
1/8 = 0.125 5/8 = 0.625
5/32 = 0.15625 21/32 = 0.65625
3/16 = 0.1875 11/16 = 0.6875
7/32 = 0.21875 23732 = 0.71875
Y = 0.25 % = 0.75
9/32 = 0.28125 25/32 = 0.78125
5/16 = 0.3125 13/16 = 0.8125
11/32 = 0.34375 27/32 = 0.84375
3/8 = 0.375 7/8 = 0.875
13/32 = 0.40625 29/32 = 0.90625
7/16 = 04375 15/16 = 0.9375
15/32 = 0.46875 31/32 = 0.96875
7! - 0.5

ft ft
ft in. decimal . ft in. . decimal
1/12 = 1 = 0.0833 712 = 7 = 0.5833
16 = 2 = 0.1667 2/3 = 8 = 0.6667
% = 3 = 025 % = 9 = 075
1/3 = 4 = 03333 sf6 = 10 = 0.8333
5/12 = § = 04167 11/12 = 11 = 09167
) = 6 = 05 .




TRIGONOMETRY

sin A
cos A
tan 4

cot 4

APPENDIX

A2.01 Right Triangle

cosA=

tanAd=

o R

oo

|

sin 4

cos A

cosA

sin A

cscAd=

sec A=

cotd=

-]

Rl Tio

333
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sin? A +cos® A 1

sec’ A = ]+tan’ A
csct A = 1+cot? 4
sin {4 + B) = sin A cos B+ cos A sin B
sin 24 = 2sinAdcosAd
cos 24 = cos?A4 —sin? A =1—2sin’4 =2cos*4 -1
%
1 —cos 4
sin %4 = ff ——
] 2
%
(1 —cosA)
tan %44 = l——
1 + cosAd

A2.02 Any Triangle

at+b+c



APPENDIX 335

Law of sines
a b _ ¢
sin 4 sin B gin ¢

Law of Cosines

@@ = p*+c®—2bccosA

b* = a®>+c¢*—2accosB

2 =g+ —bcosC
Law of Tangents

tan %A —-8) a-b

= h b
tan 5(A+B) a+ b wherea >
tan (B - b -

{g=a) = d where b > ¢
tan ¥(B + C) b+e
tan 1(4 — a—-c

4-0) = whereg > ¢

tan ¥(4 +O) T ate

Newton’s Formula

¢ _ a+ b
sin %4C cos %(A — B)




336 CEMENT MANUFACTURER'’S HANDBOOK

Tangents of Half Angles
G ~a)s-B)(s— c)] %
Fa s .
tan 4 = =
(s —a)
B %
G-a)s—-b)s-— c;l
tan 4B = — 2 J
(s — b)
[ %
(s—a)(s—-B)(s— c;l
tan $C = — - J
(s -9
SOLUTIONS OF TRIANGLES
Given Use
One side and two angles Law of sines
Two sides and an angle opposite Law of sines
one of them
Two sides and their included
angle Law of tangents
Three sides Tangent of half angles
Area

[5G )= b)(s - )]
a2 sin B sin C
2sin A

A
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b sind sin €
2sin B

A=
¢? sin A4 sin B

) 2sin C

Wbe sin A

Yeac sin B

- Yhab sin C

b N - N
n.on o

STATISTICS

A3.01 Standard Deviation

When caleulating the standard deviation of a population larger than 30
use the formula

s. = [(xa “E OB+t (x, -x)z"r

n

For samples whose total number is less than 30, (# = < 30) use

s = [(xl —EP P (%) 4L+ (xn‘f)z;r

n-1

If “n™ is sufficiently large and their distribution normal then
68.26 percent = £ 5 from mean
95  percent = + 25 from mean
99.6 percent = + 3s from mean

A3.02 Variance

(1 =X + (x2-%)2 + ... #(x,—%)?
n

2 -

g
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A3.03 Coefficient of Variation

v

s
c, = 100—
x

A3.04 Relative Frequency

number of samples in range

number of samples out of range

A3.05 Geometric Mean

1

Gm = (xlxg. . .x,,)"

logx;, + logx; + ... +log x,

]

log G, ,

A3.06 Least Squares

To determine the correlation between two variables solve the simulta-
neous equations for ¢ and b

Zx n + Ix*p

Zxy Txa + Txp

where x and y are the values of the plotted variables and n = the number
of samples,

After these values have been found, the best line to fit the plotted points
(least square equation) becomes

Y= a+ bx
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A3.07 Coefficient of Correlation

The coefficient of correlation is a measure of the proximity of the plot-
ted points on a graph to the straight line represented by the least square
equation

= %
[ {(aZy + bZxy) - YEy]
r -

Zy? - yZy
where
- z
’ Y - _y.
n

When “r” approaches unity, there is a good correlation, when it approaches
zero, there exists too wide a scatter to obtain a correlation.

Symbols used (in A3.01 to A3.05)

s = standard deviation
x = mean
Xi,%2 = individual observations
n = total number of observations
a® = variance of the samples
b4 = relative frequency

FINANCES

A4.01 Compound Interest
8, = Fe®
where

S, = value after “n” years due to compounding interest rate “¢"
F = initial amount invested
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Example: What is the value after 21 years when $1250 is invested at a
compound interest rate of 5% percent?

S, = 1250¢©0529CD = 376461 (ans.)

A4.02 Total Annual Cash Flow

C=1I+D
C=R-E
C=P+D
where
C = annual cash flow
I = annual income
D = annual depreciation
R = annual revenues
E = annual expenses
P = after tax profit
A4.03 After Tax Profit
P={00-R-B
where

P, R, and F have the same meaning as in 4,02 and
t = tax rate (expressed as a decimal)

“Example: A company had $1.25 million in revenues and $0.95 million
of expenses in one year. What is the after tax profit when the tax rate as-
sessed is 50 percent?

P = (1.00-050)(125-095) X 108 = 150,000 (ans.)
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A4.04 Straight Line Depreciation

I-L
D = .
n
where

D = straight line depreciation
I = initial investment value
L = expected salvage value at end of useful life
n = expected useful life

Example: An office copier is being purchased for a cost of $5800. Its
useful life is expected to be six years; after these six years its salvage value
is estimated at $1350. What is the annual depreciation on this copier
when the straight line depreciation method is used?

5800 — 1350
D = —~—6— = 741.67 (ans.)

A4.05 Double-Declining Balance Depreciation

20 - d,)
n
where
D = double-declining balance depreciation
I = initial investment value
d, = cumulative depreciation charged in previous years
n = useful life

A4.06 Sum-of-Years Digit Depreciation

_2n-y+1)
) nin+ 1) 5
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where
D = sum-of-years digit depreciation
rn = useful life
y = consecutive number of years from start of investment to year
where D applies.

A4.07 Sixth-Tenth Factor

This factor is used to estimate the costs to replace an old by a new
identical unit.

where
C'f = new costs
C, = oldcosts
a = new capacity

= old capacity
A4.08 Value of an Investment After Depreciation

Q = pe™
kn
0 =pf1-=
o(1-3)
where
Q = final value
p = initial value when new
r = rate of annual depreciation (decimal)
n = number of years
k = number of times per year depreciation is figured.

A4.09 Return on Investment, ROJ

rofits per year
Rop = DODiperyes
investment
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total savings + years of life
ROI =

original investment
A4.10 Simple Compound Interest

Sci = p(l + i)”

A4.11 Present Worth

Worth after n years

p, =PQ+i)"
5 . i
aay
A4.12 Equal Payment Series Compound Amount
L+ -1
sum, = R #
i
where
sum, = worth after n years
R = annual payment
a+n" -1
present or equal value = R|——————
i+ "
Note: p, = present worth

FP,p = principal
i = interest

n = number of years
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]

WO 0o~ Ot B b e

Percent compound interest, I

5.00 5.25 5.50 5.75 6.00 6.25 6.50
1.050 1.0525 1.0550 1.0575 1.0600 1.0625 1.0659
1.1025 1.1078 1.1130 1.1183 1.1236 1.1289 1.,1342
1.1576  1.1659% 1.1742 11826 1.1910 1.1995 1.2079
12155 1.2271 12388 12506 1.2625 1.2744 1.2865
1.2763 1.2915 13070 1.3225 1.3382 13541 13701
1.3401 1.3594 1.3788 1.3986 14185 14387 14591
14071 14302 14547 14790 15036 15286 1.5540
14775 1.5058 1.5347 1.5640 1.5938 1.6242 1.6550
1.5513 1.5849 16191 1.6540 1.6895 1.7257 1.7626
1.6289 1.6681 1.7081 1.7491 1.7908 1.8335 1.8771
1.7103 1.7557 1.8021 18496 1.8983 19481 1.9992
1.7959 1.8478 19012 1.9560 20122 20699 21291
1.8856 1.9449 2.0058 2.0684 2.1329 21993 22675
1.9799 2.0470 2.1161 2.1874 22609 23367 24149
2.0789 2.1544 22325 23132 2.3966 24828 25718
2.1829 22675 2.3553 24462 25404 26379 2.7390
22920 23866 24848 2.5868 2.6928 2.8029 29170
24066 25119 2.6215 2.7356 2.8543 2.9780 3.1067
25270 26437 2.7656 2.892% 3.0256 3.1641 3.3086
2.6533 2.7825 - 2.9178 3.0592 3.2071 3.3619 3.5236
2.7860 2.9286 3.0782 3.2351 3.3996¢ 3.5720 3.7527
29253 3.0824 3.2475 34211 3.6035 3.7952 3.9966
3.0715 3.2442 34262 3.6178 38197 4.0324 4.2564
3.2251 3.4145 36146 3.8259 4.0489 4.2844 45331
3.3864 3.5938 3.8134 4.0458 4.2919 4.5522 48277
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nl| 675 7.00 7.25 750 7.5 8.00 8.25
1{1.0675 1.0700 10725 1.0750 1.0775 1.0800 1.0825
211.1396 1.1449 1.1503 1.1556 1.1610 1.1664 1.1718
3112165 1.2250 1.2336 1.2423 1.2510 12597 1.2685
4112086 1.3108 1.3231 1.3355 13479 13605 1.3731
5113862 14026 14190 14356 14524 14693 1.4864
6114798 1.5007 1.5219 15433 1.5650 1.5869 1.6090
7115797 16058 1.6322 1.6590 1.6862 1.7138 1,7418
8l1.6863 1.7182 1.7506 1.7835 18169 1.8509 1.8855
ol1.8002 1.8385 1.8775 19172 19577 1.9990 2.0410
10l1.9217 19672 20136 20610 2.1095 2.158% 2.2094
11120514 2.1049 2.1596 2.2156 22730 23316 23917
1212.1809 22522 23162 2.3818 24491 2.5182 2.5890
13]2.3377 2.4098 2.4841 2.5604 26389 27196 2.8026
14| 24955 2578 2.6642 2.7524 2.8434 29372 30338
15126639 2.7590 2.8573 2.9589 3.0638 3.1722 3.2841
1612.8437 29522 3.0645 3.1808 3.3012 34259 3.5551
1713.0357 3.1588 3.2867 3.4194 3.5571 3.7000 3.8483
181 3.2406 33799 3.5249 3.6758 3.8328 3.9960 4.1658
19]3.4593 3.6165 3.7805 3.9515 4.1298 4.3157 4.5095
2013.6928 2.8697 4.0546 4.2479 4.4499 46610 4.8816
21139421 4.1406 4.3485 4.5664 4.7947 50338 5.2843
22142082 4.4304 4.6638 4.9089 5.1663 54365 57202
| 23144922 4.7405 50019 52771 55667 5.8715 6.1922
24147954 5.0724 53646 5.6729 59981 6.3412 6.7030
25151191 54274 57535 6.0983 64630 6.8485 7.2560
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A4.14 Discounted Cash Flow Factors

DCF
Year 10 percent 25 percent 40 percent
o 1.000 1.000 1.000
1 952 885 824
2 .861 .689 553
3 779 537 37
4 705 418 248
5 638 326 .166
6 577 254 112
-7 522 197 075
8 473 154 050
9 428 119 .034
10 87 .092 023
11 350 073 015
12 317 057 010
13 287 .044 007
14 259 .034 005
15 235 027 003
16 212 021 002
17 192 016 .001
18 174 013 .001
19 157 010 001
20 142 .008 —

A4.15 Deposit Calculation

This type of calculation is used to determine the value of an account after
“n” years when an annval deposit of “z” is made to the account,

S, = O + )" + 2[9_*‘21_‘_’_1]
1
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where
S, = value of account after “n™ years
1 = initial capital invested in account
i = interest rate (expressed as a decimal)
n = number of years
z = annual deposit into account

Example: What is the account balance after 15 years when the initial
deposit is $1500.00, an annual amount of $240.00 is deposited, and the
account pays 5% percent compound interest?

%]
[}

I + 0.055)!5 —
A (1500)(1 + 0.055)!S + 240[( ) l:l

0055

n
]

- 8726.79 (ans.)

SAFETY FORMULAS

A5.01 Accident Frequency Rate

n(1.0 X 10°)
h

Accident frequency rate is defined in terms of number of accidents per
million man-hours worked.

= frequency rate
= npumber of accidents during period under investigation
= number of man-hours worked during the same period

o S
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A5.02 Severity Rate

Accident severity rate is defined in terms of the number of days lost
due to accidents per 1000 man-hours worked.

10004
§F = —
h
where
§ = severity rate (days lost/1000 man-hours)
d = days lost in period
h = total man~hours worked in same period

A5.03 Safety Performance

An individual group, department, or plant safety performance can be
stated in terms of another’s group known standard performance as follows:

1001
percent frequency = —
f std.
100s
percent severity =
Sstd,

where fuq. and $qq, are the frequency and severity rates of other groups
performing similar duties.
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PLANE AND SOLID GEOMETRY

Plane Figures

A6.01 Rectangle

area = gb

e b ——

A6.02 Parallelogram

area = gb
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A6.03 Triangle
area = 0.5(ab)

Letx = 05(b +c + d)

then
area = [x(x — b)(x — )(x — 2"
A6.04 Circle
circumference = wD
= 2nr
area = 0.25nD?
= qr?
0.25¢* + h?
r = —
2h
¢ = 2[hD - m*
= 2rsin %0
h =r—(* - 025"
s = —aD
360

= 0.01745r8
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A6.05 Circular Sector

]

s
0.5rs \
0.008727r%6 -

A6.06 Circular Segment

area = 0.5[rs - c(r — h)]
4 ( 8) (c(r—h))
area = mr —

360 2 S <

r

area
area

H

)

4

A6.07 Circular Ring

area = 0.7854(D* - 4%)
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A6.08 Ellipse

area = 0.25714a

—

A6.09 Parabola

area = 0.6667ha /\ 17
b

——a —=f

A6.10 Polygon

area = 0.5nsr

where #» = number of sides

areqs

n area

5 1.72055*
6 2.598152
7 3.6339s%
8 4.8284s?
9 6.1818s2
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A6.11 Trapezoid

atea = O0.5[b(H + h) + ch + aH]

| -

"A6.12 Catenary

Yy = acoshx

ti
i

Solids
A6.13 Cube
volume = &°
surface area = 6a2°

e @ —=
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A6.14 Cylinder

volume = (.7854D%h
surface area = nDh {without end surface)
= aD(0.5D + h) (end surfaces included)
h
) —L T
D=
A6.15 Pyramid

volume = 1/3 (area of base)h

(Note: for area of base see 6.10)

lateral area 0.5(perimeter of base)s
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A6.16 Cone
volume = 1.0472%h
surface area = m(r* + h*)*

A6.17 Frustum of a Cone

volume
volume
surface area

1.04720(r* + Rr + RY)
ws(R + 1)
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A6.18 Sphere

volume = 0.5236D°
surface area = 7D?
|
I I
f [
= D!
A6.19 Segment of a Sphere
A+ 4 h
volume = ghd| ———— - —
8h 3
spherical surface = 0.7854(c? + 4h%)

total surface 0.7854(c?® + 8rh)

SR
h
L,

Fod L]

7z
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A6.20 Sector of a Sphere

2.0944r%h
157114k + ¢)

volume

il

total surface

A6.21 Torus

- volume 0.25(r%d*D)

Dn*d

surface
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THE INTERNATIONAL SYSTEM OF UNITS (SI)
. P

The following is a guide to familiarize the Jf‘r with the units, pre- .
fixes, symbols, and formulas used in the: Tiitérational System of Unitg, ...
“SI” is the commeon language in which scientific and technical dafa* =
presented worldwide in the not too distant future.

A7.01 .Base Units

Quantity Unit SI symbol
length meter m
mass kilogram ke
time second ]
electric current ampere A
thermodynamic temperature Kelvin K.
amount of substance mole - - mol
luminous intensity candels - cd

A7.02 Supplementary Units -

plane angle , radian rad
solid angle steradian g ST

A7.03 Derived Units

Quantity Unit SIsymbol  Formula
acceleration meter per second? s m/s2
angular acceleration radian per second? rad/s?
angular velocity radian per second rad/s
area square meter . m?
density kilogram per meter? kg/m?
electric capacitance farad F _A-s/V
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{cont’d)

Quan tii‘y Unit SIsymbol  Formula
electric field strength  volt per meter V/m
electric conductance siemens s AV
electric inductance henry H Vs/A
electric potential diff.  volt v W/A
electric resistance ohm Q V/A
elecfromotive force volt v W/A
energy joule J N*m
entropy joule per kelvin JIK
force newton N kg m/s?
frequency hertz Hz {cycle)/s
illuminance lux Ix Im/m?
luminance candela per meter? cd/m?
luminous flux lumen Im cd+sr
magnetic field strength ampere per meter a/m
magnetic flux weber Wb Vs
magnetic flux density - tesla T Wb/m?
magnetomotive force ampere A
power watt w I/s
pressure pascal Pa N/m?
quantity of electricity  coulomb C A-s
quantity of heat joule J N+'m
radiant intensity watt per steradian W/sr
specific heat joule per kg-kelvin Jfkg K
stress pascal Pa N/m?

' thermal conductivity watt per m-kelvin W/m-K
velocity meter per second mlsj. 2
viscosity, dynamic pascal-second Pa‘s
viscosity, kinematic m? per second m2/s
voltage volt v W/A
volume* cubic meter ooom?
wavenumber reciprocal meter <" (wave)/m
work joule J N+*m

* In normal engineering work, where high precision is not required, the use of

~ the liter as a unit to express volume is acceptable.
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A704 Prefixes
Multiplication factor Prefix SI Symbol
1 000 000 000 000 = 10'? tera T
1 000 000 000 = 10° giga G
1000000 = 10° mega M
1000 = 10° kilo k
100 = 10° hecto h
10 = 10! deca da
01 = 107 deci d
001 = 107 centi c
0.001 = 107 milli m .
0.000001 = 1076 micro u
0.000 000 001 = 107° nano n
0.000 000 000 001 = 10712 pico p
Examples

2460 m or 2.46 X 10% m is written as 2.46 km
34000W or 340X 10° Wis written as 34.0 kW
00046V or4.6X 1072 Viswrittenas 4.6mV

6,300,000 W or 6.3 X 10° Wis written as 6.3 MW




Section B

CONVERSION FACTORS

Bl Linear Measures

Multiply by to obtain
mm 0.1 cm

mm 0.03937 in,

mm 0.003281 ft

cm 0.01 m

cm 0.3937 in.

cm 0.03281 ft

m 1.093 yds

m 3.281 ft _

km 0.6213 miles, statute
km 1000 m

miles, statute 1760 yds

miles, statute 0.8684 miles, nautical
miles, statute 1.609 km

miles, nautical 1.1515 miles, statute
miles, nautical 1853 m

in. 254 mm

in, 2.54 cm

ft 30.479 cm

ft 0.3048 m

yd 0.9149 m

yd 3 ft

361
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B2 Weights
Muitiply by to obtain
g 15.43 grains
g 0.03502 oz
kg 2.2046 1b
ke 35274 oz
metric ton 1.1023 short ton
metric ton 2240 b
grains 0.0648 g
0z 0.0625 1b
oz 437.5 grains
oz 28.35 g
Ib 04536 kg
1b 16 oz
1b 7000 grains
1b 453.59 g
short tons 0.9072 metric tons
g 980.66 dynes
b 444820.0 dyries
- B3 Area
Multiply by to obtain
cm? 0.00108 ft?
cm? 0.155 in?
cm? 100 _mm?
m? 10.76 ft?
m? 1.196 yd?
km 0.3861 miles®
in? 6.45 cm?
ft? 0.0929 m?
ft? 144 in.2
ft? 929.03 cm?
yd? 9 ft?
yd? 0.8361 m?
mile? 640 acre, US
mile? 2.59 km?
acre, US 43560 £t
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B4 Volume .
Multiply by to obtain
¢c 0.001 1
cc 1 ml
ce 0.03381 oz, fluid, US
cc 0.06102 in?
1 0.26418 gal, US
1 0.03532 ft?
m3 1.3079 yd?
m? 35314 ft?
m? 264.17 gal, US
m? 1000 1
gal, US 128 fl. oz.
gal, US 0.13368 ft3
gal, US 3.7854 1
in? 0.5541 fl, oz,
in3 0.01639 1
in? 16.387 ml
fit? 7481 gal, US
ft? 0.02832 m?
ft? 28.316 1
gal, US 0.003785 m?
1 0.001 m?
yd? 0.7646 m?
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B5 Specific Weights and Volumes
Multiply by to obtain
kg/m? 0.9990 oz/ft?
kg/m? 0.06243 Ib/ft?
m3/kg 1.001 ft Joz
m? /kg 16.02 £t /1o
g/m? 0.435 grains/ft>
gfce 8.3452 Ib/gal, US
g/cc 62.428 b/
ppm 0.0584 grains/gal, U§
grains/ft? 2.299 g/m? -
oz/ft? 1.001 kg/m?
Ib/ft? 16.02 kg/m?
1b/ft? 0.01602 g/ce
1b/gal, US 0.11983 glcc
1b/gal, US 7.48 . Ib/ft?
Ib/gal, US 0.11983 kg/l
ft3 /1b 0.06243 m?/kg
ft*/ib 62.4262 I/kg
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B6 Flow Rates and Speeds

Multiply by to obtain

m?/s 21189 ft3 /min

m? /min 0.5886 ft3 /s

m3/h 4.4028 gal, US/min

ft? /min 0.47193 1bfs

ft3 fmin 0.02832 m? /min

ft? /s 448.83 gal, US/min

cmfs 1.9685 ft/min

ft/min 0.508 cmfs

ft/min 0.018288 km/h

ft/min 0.3048 m/min

ft/min 0.011364 miles/h

gal/min 0.002228 ft3 /s

gal/min 022712 m®/h

gal/min 0.063088 1fs

1/min 0.0005886 ft3 s

1/min 0.0044028 galfs

km/h 54,68 ft/min

km/h 0.9113 ft/s

km/h 06214 miles/h

knots 1.853 km/h

mfs 3.2808 ft/s

miles/h 88 ft{min

miles/h 1.609 km/h

miles/h 0.8684 knots

ft3 /min 0.0004719 m3/s

gal/min 0.00006309 m3/s
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B7 Pressure
Multiply by to obtain
atm, 760 mm of Hg
atm. 14.696 psi ;
atm. 29.921 in, Hg
atm. 33.899 ft of H,O
atm. 76 cm of Hg
c¢m of Hg 0.013158 atm.
cm of Hg 0.44604 ft of H,0
cm of Hg 0.19337 psi
ft of H;0 0.029499 atm,
ft of H,0 2.242 cm of Hg
ft of H,0 0.43352 psi
in. of H;0 0.0024583 atm.
in. of H,0 0.1868 cm of Hg
in. of Hg 345 mm of H,0
Ib/ft? 0.035913 cm of Hg
1b/ft? 4,88 kgfcm?
kg/cm? 14.223 psi
psi 5.1715 cm of Hg
psi 68,947 dynes/cm?
psi 2.3066 ft of H,0
psi 2.0360 in. of Hg
psi 27.673 in. of H,0
psi 0.0703 kg/cm?

(see appendix for conversion factors to change to SI (pascal).
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B8 Work, Power, and Force

367

Multiply by to obtain
ft-ib 0.1383 m-kg
ft-lb 0.001285 Btu

ft-1b 0.000324 keal

ft-1b 0.00003030 mechanical hp
ft-lb/s 0.001818 mechanical hp
in-b 0.01152 m-kg
ftIb/ft? 4,883 m-kg/m>
hph 273,700 m-kg
mechanical hp 33,000 ft-lb
m-kg 7.231 ft-1b
mkg 86.81 in-b
m-kg 3.654 X 1078 hph
m-kg/m? 0.2048 f-Ib/ft?
Btu/s 1,054 W
Btu/min 17.57 w

calfs 4.184 W
cal/min 0.06973 w

erg/s 1.0X1077 W

ft-1b force/h 3.766 X 107* w

hp (electrical) 746.0 W

dyne 0.00001 N
kg-force 9.807 N
Ibforce (Av) 4448 N
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B9 Power

Multiply by to obiain
Btu/s 1.055 kW
Btu/s 907.3 kcal/h
Btu/h 0.0003931 hp
Btu/h 0.000293 kw
hp 0.7459 kW
hp 745 w
hp 641.2 kcal/h
hp 2544 Btu/h
hp 550 ft-lb/s
kW 1000 w
kW 1.34 hp
kW 860 keal/h
kW 3413 Btu/h
w 0.001 kW
w 0.001342 hp
w 0.860 kcal/h
w 3.413 Btu/h
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Bl10 Heat
Multiply by to obtain
Btu 0.0029 kWh
Btu 0.252 kcal
Btu 107.6 m-kg
Btu/lb 0.5556 kcal/kg
Btu/short ton 0.000278 kcal/kg
Btu/in.? 3908 kcal/m?
Btu/ft? 2.713 kcal/m?
Btu/ft? 8.90 kcal/m?
kWh 860 keal
kWh 3,441 Btu
kcal 3.97 Btu
keal/kg 1.7999 Btu/lb
keal/kg 35998 Btu/short ton
kcal/m? 0.002559 Btufin,?
kecal/m?® 0.3686 Btu/ft?
kcal/m? 0.1124 Btu/ft?
Btu 1,055.056b J (joule)
Btu/in./s/ft*°F 518.9 W/m+°K
Btu/ft? 11,350 Ifm?
cal/cm? 41,840 Jjm?
kcal/kg 4184 Jikg
keal/kg°C 4,184 I/kg'°F
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B11 Pressure Conversion to SI Unit

ultiply by to obtain
1.013 X 10°% Pa
1.000 X 105 Pa
dyne/cm? 0.100 Pa
“g(force)/cm? 98.07 Pa
in. of Hg (60°F) 3377.0 Pa
“4 in. of H;0 (60°F) 248.8 Pa
/| mm of Hg (¢°C) 133.3 Pa
psf 47.88 Pa
psi 6895.0 Pa
B12 Viscosity
Multiply by to obtain
ft? /s 0.0929 m? /s
P 0.1 Pafs
Ib(force)s/ft? 47.88 : Pa/s
stokes 0.0001 m?/s
B13 Metric Standard Units
Multiply by to obtain
Kp (Kilopound) 70.93164 pdl (poundal)
Kp 2.20462 1b (pound)
Kp/em? (at) 14.22334 p.si.
bar 14.50377 " pas.d.
mm QS (Totr) 0.01933676 p.sd.
N/m 1.4503767 X 107™* pasd,
Kp/mm® 1422334 p.5.0
Kp/m? 0.0014223 p.sd.
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Multiply by to obtain
Kg/m 0.671969 1bs./ft
Kg/m? 0.204816 1bs./ft?
Kg/cm? 36.1273 Ibs.fin.?
Kgfl 624266 lbs./ft?
Muitiply by to obtain
Nm?,, 37.228 SCFp,y
Nm?,, 37.889 SCF poist
Nm?, 37.660 SCFyqist
Nm?; 37.004 SCFp,y
Nm®,/Kg 16.886 SCFpy/1b.
Nm?% 17.082 SCF poist/1b-
Kg/Nm®,, 0.05922 Lb./SCFp,y

{ Kg/Nm? 0.058537 Lb./SCFyy st
Kcal/Nm®,, 0.1066 Btu/SCFp,,
Kcal/Nm?; 0.10537 Btu/SCF
KI/Nm?, 0.44631 Btu/SCFp,,
KJ/Nm?®, 0.44116 Btu/SCFy15

Standard conditions for Metric System (N}
Standard conditicns for English System

0 C, 760 mm Hg.

60 F, 30 in. Hg.
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INDEX

A

Absorptivity, 280
Acceleration, 293
Accident Frequency Rate, 347
Air, for combustion in kiln, 85,
86, 87, 102, 103, 132, 150,
151,157
in cooler, 86, 132
excessin kiln, 85, 87,102, 131
factor for cooler, 90, 106, 133
flow measurenients, 271-275
flow through cooler stack, 132
horsepower, 257
infiltration,
at kiln feed end, 85, 102
- . at kiln hood, 86, 103, 113,
120
losses in cooler, 86
primary, 132, 133
properties of, 44, 302, 303,
304
secondary, 132
sensible heat, 134, 135, 136
Algebra, 325
Alkali balance, 169
Alkalies, total as N2,0, 8, 13
Alternating current, 248

373

Aluminz content in kiln feed, 10
Alumina/Iron ratio, 4, 131
Ambient air, 127
Amperes, 246
Anthracite, 41
API gravity, 261
Ash,

absorbed in clinker, 63, 69, 83,

100, 131

from coal, 63, 64
Atmospheric pressure, 263
Atomic weights, 291
Avogadros law, 287

Ball,
charge in mill, 200, 203, 204,
209,211, 212, 216, 221
sizes for grinding, 226
Barometric pressure, 43, 263
Baume, specific gravity, 261
Beit conveyors, 316
Bernoulli’s theorem, 267
Bituminous coal, 41
Blaine, specific surface, 227
Bond’s work index, 205,217, 225
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Boque,
formulas for cement consti-
tuents, 5
formulas for clinker, 6, 12
Boyle’s law, 286
Bricks for kiln lining, 188-194
Bucket elevators, 315
Bulk density of materials, 40
Bunker “C” oil, 42
Burnability index, 5, 11
Burner tip velocity, of primary
air, 91, 133
Burning zone thermal loading, 92,
133

Calcination,
of kiln feed, 116, 124, 134,
135,136
percent, 9,13, 116,124
Calcium carbonate, 14, 25
Cz0 content in kiln feed, 12, 13,
15
Capacitance, 249
Capacitive reactance, 250
Carbonates, total in kiln feed, 7,
9,13, 14
Cash flow, 340, 346
Catenary, 353
Centipoise, 259
Cement,
fineness, 230, 234
patticle size distribution, 236
805 content, 229
Chain,
angle, 176
garlands, 177
heat transfer, 178, 179, 183
shackles, 185
surface area, 184, 185
system design, 181

systems, 175-187
evaporation rate, 178
Charles law, 286
Chemical formulas, of common
minerals, 52
Chimneys, 321
Circles, 350
Circular
ring, 351
sector, 351
segment, 351
Circularing load, 208, 220
Circuits, electrical, 247
Clay addition for mix correc-
tions, 16
Clinker
ash content, 131
compeosition, 20, 21, 22, 84,
130
effect of coal ash, 64
formation, heat required, 113,
120,131, 134,135,136
heat losses, 114,122, 134,135,
136
liquid content, 5, 131
production from slurry rate,
34,135,136
production theoretical, 182
Coal
analysis, 59,126
conversions, 60, 61, 62
ash, 63 .
absorption in clinker, 63
chemical composition, 41
factor, 157
heat value, 57
Coating formation in kiln, 172
Combustion,
constants, 56
products, 87, 104, 132, 151,
152,160
Combustion air
entering kiln, 86

b



for liquid and solid fuels, 85,
102,132,157,174
for natural gas, 150, 151, 159
weight, 86, 103, 150, 151
Comminution, 206
Compound interest, 339, 344
Compressed air receivers, 319
Conduction, 279
Cones, 355
Convection, 279
Conversion
factors, 361-371
of gas flow rates, 275
Conveyors, 316, 317
Conversion,
of water properties, 33
raw analysis to loss free analy-
sis, 8
Cooler,
air, 86, 103, 132
sensible heat, 112, 119,
134,135, 136
air factor, 90, 106, 133
efficiency, 87, 103
performance factors, 158
stack air flow, 132
stack heat losses, 115, 122,
134,135,136
Cooling,
by sprays, 231
of kiln gases, 153, 173
Correlation (math.), 339
Costs,
of heat losses, 167
of kiln feed mix, 23
of raw materials, 22
CO;, content in exit gases, 168,
174
Critical speed of mill, 202 211,
214
Crushers, 320
Cube, 353
Curtain chains, 184

375

Current, electr., 246, 248

Cycle frequencies, electr., 249

Cylinders, 354

C;8,131, 231

CaA content in clinker, 11, 19,
131, 231

C3S8,14,19,131

C38/C,S ratio, 15

D

Decimal equivalents, of fractions,
332
Density,
of chain systems, 184
of gases, 288
of kiln gases, 90, 133
Depreciation, 341, 342
Determinants (math), 328
Dew point, 302
Diameter of kiln, conversion, 195
Discounted cash flow, 346
Drag chains, 319
Dryers, 313
Dry process kiln, 127-134
Dry solids in slurry, 31, 32, 35
Dust,
in kiln exit gas, 114, 122, 134,
135,136
properties, 128
Dust loss, 83, 100, 131
Dyne, 259, 300

Efficiencies,
of fans, 256,257
of grinding mills, 207, 219
of separators, 208, 220
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Electrical,
alternating current, 248, 251
basic formulas, 246
capacitive reactance, 250
circuits, 247
cycle frequency, 249
direct current, 247, 251, 254
generators, 250
impedance, 250
motors, 250-253
Elevators, 315
Emission,
control, 305
rates, 310, 312
Emissivity, 280
Energy, of fluids, 268
Enthalpy, of water, 242
Ergs, 295
Evaporation, of kiln feed mois-
ture, 134, 135,136,178
Excess air in kiln, 85, 87, 102,
131
Exit gas, heatloss, 113,121,134,
135,136
Exothermic reaction in clinker
formation, 85, 102
Exponents (math), 325

F

Factoring (math), 326
Fan,
efficiency, 256, 257
laws, 255
shaft horsepower, 257, 258
speed, 255, 256, 258
static pressure, 257, 258
Farad, 249
Feed,
composition, kiln, 127
grinding mill, 205, 217, 227
required per unit production
of clinker, 82, 100, 131

Finances, 339
Fineness, of cement, 234
Flame, propagation speed, 162.
temperatures, 168, 174
Flow, '
coefficients, 269
of valves, 267
measurements for gases, 270,
274
rates for gases, conversions,
275
through nozzles and orifices,
269
pipes, 268, 270
valves, 267
weirs, 270
Fluid flow,
head, 266
potential energy, 268
resistance coefficient, 266
velocity, 262, 265
Forced firing of kiln, 182
Forces, 293
Fractions (math), 326
Friction, coefficient, 299
factor, 264
Frustum of a cone, 355
Fuel,
coal analysis, 126
combustion, 134, 135, 136
combustion products, 87, 104,
132
consumption, 67
ignition temperature, 63
oil properties, 42
rate, natural gas, 150 '
sensible heat, 111, 118

G

Garland chains, 177

. $as,

N



composition at kiln feed end,
127,165

constant, 299

cooling of, 153

CO; content, 168, 174

density of kiln gases, 88, 133,
288

flow measurements, 270,273,
274,275

from kiln feed, 133

heat loss, 113, 121, 134, 135,
136

laws, 286, 287

meter, 308

mixtures, 299

moisture, 89, 133

molecular heat, 296

natural for firing, 150, 151,
152

velocity in kiln, 92

volume, 133, 165

Gauge pressure, 263
Generators, 250
Geometry, plane, 349
solid, 353
Grain loading, 310
Gravitation, 293
Grindability index, 205,217,226
Grinding,
ball charge in mill, 200, 203,
204,211, 216, 221
balls, 209, 221, 226
circuit, 200
mill critical speed, 202, 211
mill investigation, 199, 210,
222
mill loading, 203, 215
mill volume, 203, 211, 215
power required, 206, 218

Gypsum, 230
Gyratory crushers, 320

377

Head, fluid flow, 266
loss, 267

Heat,
consumption, 69
exchange, 279, 280
for clinker formation, 113,
120, 134,135,136
from combustion of fuel, 111,
118
in chain system, 182
in organic substance, 111,119
of formation, 297
of hydration, 231
Heat balance,
dry process kiln, 135
kiln, 111-125
preheater kiln, 136
wet process kiln, 134

Heat loss,

in clinker, 114,122, 134, 135,
136

in kiln system, 183

cooler stack, 115, 122, 134,
135,136

from dust, 114, 116, 122,
124, 134,135,136

kiln shell, 115, 123, 134, 135,
136, 148, 149

exit gas, 113, 121, 134, 135,
136

costs of, 167

Heat of reaction, 297
sensible,
in coolerair, 112,119,134,
135,136
infuel, 111,118, 134, 135,
136
in kiln feed, 112, 119, 134,
135,136
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in primary air, 112, 120
theoretical required for burn-
ing of clinker, 84, 102, 131
transfer, 277, 281
surface, of chains, 178
value, conversion “gross” to
“net”, 58, 69
of fuel, 57
_ Henry, 249
Horsepower, 295.
of fans, 257, 258
kilm drive, 164
motors, 251, 252, 253
Humidity, relative, 301
Hydraulic radius, 263
Hydraulic ratio, 4, 11, 18

I

-Igneous rock, 50
Ignition loss, 3, 10
Ignition temperature, 63
Impedance, 250
Inductance, 249
Indicators for acids and bases, 72
Infiltrated air,

at kiln feed end, 85, 102

at kiln hood, 86, 103, 113,

120, 132, 134, 135, 136
Interest, compound, 339, 343,
344, 345

International system of units, 358

Isokinetic sampling, 310
1.8.0. shapes for refractories, 1 94

]

Jaw crushers, 320
Joule equivalent, 298
Joules, 294, 295

Kerosene, 42
Kiln,
alkali balance, 169
chain systems, 175-187
coating -and ring formation,
172
diameter, 195
dimensions, 128
drive horsepower, 164
dry process, 127-135
dust,
convetsion of weights, 8,13
loss, 83
properties, 128
equipment, 76, 77
feed,
composition, 127
lost as dust, 131
mix calculations, 14-30
moisture, heat loss, 114,
122
organic substance in, 111,
119
required, 82, 100, 131
residence time, 154, 173
sensible heat, 112, 119,
134,135,136
Kiln gas, 88, 105,127,133, 165
cooling, 153,173
CO; content, 168
density, 89, 105, 133
heat loss, 113, 121
moisture, 89, 105, 133
velocity, 182
volume, 89, 106, 133
Kiln, heat balance, 111-125
investigation, 75-125
loading, 161, 174
power audit, 171
production rate, 182

3
-



shell heat loss, 115, 123, 134,
135,136, 148, 149
slope, 155
specific loading, 91, 107,133
sulfur balance, 155, 156,
173
wet process, 127-134
specific thermal loading, 92,
107,133
speed, 170
suspension preheater, 127-
136
Kilowatt, 295
K5O content in clinker, 13

L

Laboratory work index for grind-
ing, 205
Laminar flow, 265
Latent heat,
of evaporation, 241, 297
of fusion, 296
Least squares, 338
Lignite, 41
Linear expansion, coefficient of,
44
Links, chains, 185
Lime staturation factor, 4, 10,
17,131,172
Limestone, addition for mix cor-
rection, 16, 25, 26
" Liquid, percent in clinker, 5,131
Loading,
of grinding mill, 203,212, 215
of kiln, 161, 174
Logarithms, 327
Logarithmic mean temperature,
281

M
Mass of a body, 294
Mathematics, 325
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Mean, geometric, 338
Metamorphic rock, 51
Milt,
critical speed, 202, 211,214
efficiency, 207, 219
feed, 205, 217
power, 206, 218, 219, 225
Minerals,
chemical formula, 52
classification of, 50
molecular weights, 52
nomenclature, 47
Mix calculations,-
2-components, 14, 25
3-components, 17, 26
4-components, 21, 28
Mix corrections, 16
Mixtures, of gases, 299
of solids, 293
Moisture, in kiln feed, 114, 122
of kiln gases, 89, 133
Molality of solutions, 290
Molecular, heat, 296
weight of gases, 288, 311
weights of solids, 291
Mole fractions of solutions, 289
Moles, 289
Moment of force, 300
Motors, 250, 254

Natural gas,
analysis, 42
combustion air for, 159
firing, 150-152
heat value, 58
products of combustion, 160
Newton’s law, 293
Nozzles, flow rate, 269
Nusselt Number, 281
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0

Ohms, 246

Oil, heat value, §7

Optimum SO5 in cement, 229

COres, 47

Organic matter, in kiln feed, 134,
135,136

Orifices, flow rate, 269, 274

Overlimed clinker, 4

Parabola, 352
Parallelogram, 349
Particle size distribution of ce-
ment, 236
Particulate  concentration in
gases, 45, 309
Peripheral speed, of kiln, 170
pH, 71,72
Physics, 293
Pipes, flow rate, 268, 270
Pitot tube, 272
Poiseuille’s law, 265
Polygon, 352
Power, 295
electr. motors, 254
audit on kiln equipment, 171
of liquids, 269
required for grinding, 206,
218,223
Prandtl Number, 281
Present Worth, 343
- Preheater kiln, 127-136
Pressure,
atmospheric, 263
barometric, 263
drop, through valves, 267
gauge, 263

head, fluid flow, 266w,

loss in pipes, 263

Primary air,

flow, 132

percent, 87, 103, 132

sensible heat, 112, 120, 134,

135,136

velocity, 91, 106, 133
Profit, 340
Proof coil chains, 185
Propagation, flame, 162
Proximate analysis, of coal, 59
Psychrometry, 301
Pulp density of slurry, 31,32
Pumps, for slurry, 314

for water, 318
Pyramid, 354

Q
Quadratic equations, 328
R

Radiant temperature, 281
Radiation, 280
Radicals (math), 326
Raw material costs, 22
Reactance, 250
Rectangles, 349
Refractory,
bricks required, 192
shapes, 188, 189
sizes, 190, 191
Relative humidity, 301
Residence time of kiln feed, 154,
173
Return on investment, 342
Reynolds number, 265
Ring formation in kiln, 172

S

Safety, 347
Scientific notations, 327



Screen sizes, 44, 228, 229
Screw conveyors, 317
Secondary air, 132
Sedimentary rock, 50

Sensible heat,
in air, 112,119,134,135,136
in feed, 112, 119, 134, 135,
136
in fuel, 111, 118, 134, 135,
136
Separator, efficiency, 208, 220
load, 207, 219
Severity rate (safety), 348
Shackles for chains, 185
Shaft horsepower of fans, 257
Shapes of refractories, 188, 189
SI1. (International system of
units), 358
Sieve, sizes, 44, 228, 229
Silica ratio, 3, 17, 131,172
Size ratio, grinding mil}, 207
Sizes of refractories, 190, 191
Slope of kiln, 155
Slug (viscosity), 259

Slurry, feed rate, 34, 36
heat loss from moisture, 114,
122
pumps, 314
required for clinker produc-
tion, 34, 36
tank volume, 35

Solid fuel analysis, 59, 60,61,62
Solids, compounds, 291
Solids, molecular heat, 296
Solutions, 289
80; in cement, 229
Specific,
gravity, 261
of slurry, 31, 32, 35,37
of water, 33
heats, 138-147

*
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surface,
Blaine, 227
Wagner, 227, 234, 237
volume, 260
weight of fluids, 260
Speed, of kiln, 170
of mil, 202, 211, 214
Sphere, 356, 357
Spiral curtain chains, 184
Spray cooling, 231
Stacks, 321
testing, 307
Standard coal factor, 157
Standard deviation, 337
Static pressure, fans, 257, 258
Statistics, 337
Steam,
pressure, 242
properties, 244
saturated, 242, 244
superheated, 243
Steel to clinker ratio (mill}, 205,
217,223
Stephan-Boltzmann law, 280
Storage tanks, 318
Sulfur, in fuel, 89
balance, 155, 156, 173
Surface area of chains, 185
Suspension preheater kiln, 127-
136 :
S~tube for gas flow measure-
ments, 275

Tanks, 318

Temperature,
conversions, 282
flame, 168, 174
in kiln systems, 129
logarithmic mean, 281
mean radiant, 281
of a mixture, 299
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Thermo-chemical reactions, 55

Thermal conductivity, of water,
33

Thermal loading of burning zone,
92,133

Thermal work done in chain sys-
tme, 181, 183

Torus, 357

Trapezoid, 353

Travel time of kiln feed, 154

Triangles, 334, 335, 336, 350

Trigonometry, 333

Turbidimeter, 234, 236, 237

Torque, 300

U

Ultimate analysis of coal, 59

v

Valves, fluid flow through, 267
flow coefficient, 267
pressure drop, 267
Variance (math), 337, 338
Velocity, determination, 275
of fluids, 252, 265, 266, 268
of primary air, 91, 133
Ventury meters, 275
Viscosity, 259
Volts, 246
Volume, changes of gases, 289
grinding ball charge, 204, 212,
216
of grinding mill, 203, 211,
215,219
of kiln gases, 90, 133, 166,
182

w
Wagner, specific surface; 221,
234,237 E ‘ L) N
b

»

Water,
cooling, 231
of kiln gases, 153
properties of, 33, 242
pumps, 318
vapor, properties, 302, 303,
304
Watts, 246, 295
Weight of a body, 294
Weirs, flow rate, 270
Wet bulb depression, 301
Wet process kiln, 127-134
chain system, 175-184
Work expanded, 294
Work index for grinding, 217,225



