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on May 4, 1927. It is the purpose of the Station to serve the
state in a manner broadly outlined by the following policy: I

(1) To stimulate and elevate engineering education by
developing the research spirit in faculty and students.

(2) To serve the industries, utilities, professional engi-
neers, public departments, and engineering teachers by 1

making investigations of interest to them.

(3) To publish and distribute by bulletins, circulars, and
technical articles in periodicals the results of such studies, sur-

I

veys, tests, investigations, and researches as will be of greatest i
benefit to the people Of Oregon, and particularly to the state's
tndustries, utilitks, and professional engineers.

To make available the results of the investigations con-
ducted by the Station three types of publications are issued.
These are: I

(1) Bulletins covering original investigations.

(2) Circulars giving compilations of useful data.

(3) Reprints giving more general distribution to scien-
tific papers or reports previously published elsewhere, as for
example, in the proceedings of professional societies.

Single copies of publications are sent free on request to
residents of Oregon, to libraries, and to other experiment
stations exchanging publications. As long as available, addi- I

tional copies, or copies to others are sent at prices covering
I

cost ofprinting. The price of this bulletin is 25 cents.

For copies of publications or for other information
address I

Oregon State Ei\gineering Experiment Station

Corvallis, Oregon
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Mathematics of
Alignment Chart Construction

Without the Use of Determinants

By

JAMES R. GRIFFITH

Professor of Structural Engineering

I. FOREWORD
1. Introduction. The term "Nomograph" comes from the Greek nomos

meaning law; and graphein meaning to write or to draw. Thus a nomograph
might be said to be a chart drawn according to certain laws. Professor F. T.
Mavis, of the University of Iowa, defines a nomograph as "not merely a
graphical representation of a function, but it is rather a grapho-mechanical
computing device."

The nomograph consists of a number of scales and is solved by a straight
line known as an "isopleth." This term, first used by Vogler in 1880, is from
the Greek isos meaning equal, or the same; and pieth meaning quantity. Thus
an isopleth can be said to give values of equal quantity, or weight, in the
equation plotted.

Those nomographs having parallel straight-line scales are conventionally
termed "Alignment Charts." They represent but one special type of nomograph,
and as such are likewise solved by the use of an isopleth.

The characteristics of any alignment chart consist of the relative spacing
of the scales and the relative magnitude of the co-ordinates used thereon. The
mathematics of alignment chart construction involves the mathematical deter-
mination of the necessary characteristics to permit construction.

2. Objectives. The conventional approach to the mathematics of norno-
graph construction is by means of determinants. Without fear of dissent, it
can be said that relatively few practicing engineers are able to handle deter-
minants with any facility, so the reader of the conventional text on the subject
is in most cases discouraged at the start.

The method presented herein for the determination of alignment chart
characteristics is by basic equations and the solution of two equations simultan-
eously. The method is original and has been considered by many to require
less effort for mastery than that utilizing determinants. It is objectionable
in that it is necessarily confined to those equations that are adjustable to the
type of expression resulting in a parallel-scale nomograph.

Maximum facility in nomographic construction can be gained by familiarity
with different methods. No one method is always the easiest, and some, like
that herein presented, are limited in application. Each method is but a tool.
The reader is referred to the bibliography for the graphical method, and that
requiring determinants.

Some will argue as to the merits of various type charts. The increasing
popularity of the nomograph, however, would lead one to assume that it has its
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full share of merits. in the many charts published by the author, the problem
has always been one of production, seldom that of finding an interested
publisher.

In preparing this bulletin, the attempt has been made to afford an addi-
tional simple tool to those who have problems they wish to solve by alignment
charts. While many readers may never have occasion to construct an alignment
chart, a knowledge of the mechanics of construction should make them more
intelligent users of such charts. To many, the construction of an alignment
chart has a fascination comparable to that which the assembling of a jig-saw
puzzle or the completion of a cross-word puzzle has to addicts of that type.
Many organizations utilize slack periods for the construction of time-saving
devices, such as charts, for use in rush periods.

3. Acknowledments. The enthusiasm and inspiration of Otto A. Steller,
former editor of Concrete, was largely responsible for the author's continued
application and for such proficiency as he has developed. Likewise, J. I. Ballard,
editor of Western Construction News, has contributed in the publication of
a monthly chart by the author during the past four years. It has been largely
due to the instigation and counsel of Professor S. H. Graf, Director of Engi-
neering Research, that the author has prepared the present publication.

II. BASIC THEORY AND GENERAL EQUATIONS
1. Characteristics Defined. Each alignment chart is based primarily on

a three-variable equation although the issue may be confused as will be demon-
stratecl later. In Figure 1, the relative positions of scales for the three funda-
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mental variables are indicated. By agreement, the left scale will contain values
of (L), the central scale values of (C), and the right scale values of (R).

The relative spacing of the three lines containing the scales will be defined
by the expression

x2
n - Definition 1.

x

The relative sizes of co-ordinates on the separate scales will be defined
by the following expressions

Size of (R) co-ordinates
Definition 2.r

Size of (L) co-ordinates

fli =
Size of (R) co-ordinates

Size of (C) co-ordinates
Definition 3.

If rectangular co-ordinates are to be used, "size" might be considered as
the linear distance between successive co-ordinates. Thus, if on the right scale
1-inch 10 units were used, and on the central scale values of 1-inch = 20
units were used, each unit on the (R) scale would be twice the size of those
on the (C) scale. By Definition 3, then

m =
Size of (R) co-ordinates

Size of (C) co-ordinates
=2

Likewise, if on the same chart, values were laid out to a scale of 1-inch = 30
units on the left scale, each unit on the (R) scale would be three times the size
of those on the (L) scale, and by Definition 2, then

Size of (R) co-ordinatesr-----
Size of (L) co-ordinates

In comparing the size of logarithmic co-ordinates, relative length must
involve a cycle, or the linear measurement of the same number of units. Re-
ferring to the ordinary slide rule, if the (D) scale is used for laying out values
on the right scale, and the (A) scale used for values on the central scale, by
Definition 3, then

Size of (R) co-ordinates
=2

Size of (C) co-ordinates
In other words, one cycle of the (D) scale of a slide rule is twice as long as
a cycle of the (A) scale, for it is thus that squares and square roots are possible
of solution. Likewise, the units of the (D) scale are three times the size of
those on the (K) or cube scale.

The three definitions given will be spoken of as the "Characteristics." If
the numerical values of these three characteristics are known, the alignment
chart may then be drawn. The mathematics of alignment chart construction
involve the determination of these three essential characteristics.
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2. Spacing of Scales. Temporarily now let us ignore the fact that
units will eventually be used, and consider only linear values on the three
parallel lines. In Figure 2, three intersecting lines, or isopleths, hi, ij, and jk,

LEFT
SCALE

F

L
x

Figure 2. Geometric Relations

CENTRAL RIGHT
SCALE SCALE

x2

have been drawn on the basic parallel lines of Figure 1, so as to form two sets
of similar triangles. The linear intercepts, L, C, and R, are as indicated. By
similar triangles then, the following proportions exist:

C1 X2
or C1L

L X X

C2 X1
and - = or C2 R

R X X

However,

Cl + C2 C

x2
so C=L+R

x x

(XX2)
or CL+ R

x x
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x2
By substitution of Definition 1, =

x
the above expression simplifies to the form

C = n L + (1 n) R Equation (a)

Equation (a) can then be said to give the relation between linear intercepts
on the three scales in terms of the spacing of scales.

3. Rectangular co-ordinates. If rectangular co-ordinates are used, with
a different size on each line, some adjustment must be made in order to reduce
the values intercepted to terms of linear intercepts. Or, we might say it is
necessary to reduce all intercepts to terms of the same scale.

Reducing all intercepts to terms of the units on the (R) scale, by use of
Definitions 2 and 3, Equation (a) then becomes

C
L + (1 - n) R

r

0212

or C = - L + m (1 n) R Equation 1
r

Equation 1 is the general equation for alignment charts involving rectangu-
lar co-ordinates. While its significance and application may not now be ap-
parent, it will be used later to determine the necessary characteristics for the
construction of an alignment chart.

4. Logarithmic co-ordinates. Logarithmic co-ordinates are but loga-
rithms of numbers plotted to rectangular co-ordinates and labeled the corre-
sponding anti-logarithm. Addition of logarithms results in the multiplication of
the numbers. Likewise, multiplication of logarithms results in raising the num-
ber to the power of the multiplier. So when logarithmic co-ordinates are used,
the sum of the variables in Equation 1 becomes a product, and the coefficients
become exponential values, as in the following expression:

C = L2""'° . R "'° Equation 2.

Equation 2 is the general expression involving logarithmic co-ordinates, and
will be used to determine the characteristics of later charts.

5. Recapitulation. In order to separate the definitions and general
equations for more ready reference, the following summarization is given:

x2
ii Definition 1.

x

Size of (R) co-ordinates
r = Definition 2.

Size of (L) co-ordinates

Size of (R) co-ordinates
01 Definition 3.

Size of (C) co-ordinates
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General expression for rectangular co-ordinates

'nfl

C - L + m(l - n) R Equation 1.

General expression for logarithmic co-ordinates

C = Li" 1' R ,,,(1 Equation 2.

III. CO-ORDINATES AND DEVICES FOR OBTAINING

I. Rectangular co-ordinates. An engineer's scale, a metric scale, and
geometric proj ection have always supplied sufficient variations to meet the
author's needs for rectangular co-ordinates. Standard co-ordinate paper can
be used to an advantage by drawing diagonal lines thereon to obtain the de-
sired size of co-ordinates. Others prepare a reduction diagram for rectangular
co-ordinates similar to that which will be illustrated for logarithmic co-
ordinates.

2. Logarithmic co-ordinates. The engineer's first reaction is to use
his slide rule to obtain logarithmic co-ordinates. Thereon will usually be found
three sizes. If he has slide rules of different lengths available, he may have a
sufficient range to satisfy his ordinary demands. The use of a slide rule for
logarithmic co-ordinates is objectionable for one major reason; namely, that
of transferring the co-ordinates to paper. Maximum facility and accuracy
are obtained by preparing the chart on tracing cloth, or vellum, tracing the
co-ordinates from some master sheet that can be moved under the drawing.

A photostat of a slide rule does not have sufficient accuracy due to the
distortion of the lens and the uneven shrinkage of the paper. The author has
had made up a high-grade photographic negative of a slide rule, which does give
an accuracy within the necessary limits.

The author also has a triangular scale containing six different logarithmic
scales from the K-scale of a 5-inch slide rule, to the D-scale of a 20-inch
slide rule. This was one of a special order, however, and a recent check with

!rr1iF"111"i"ir1

n 4 $ 4 IS 755$
8.33.

I S I 51575$! I 2 2414711$5.

wynn. w. t
LOOtR1TUhIO
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III

'I'1T1°i'

I

Figure 3. Statistician's Scale.
(Reproduced by permission of Keuffel & Easer Co.)
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the manufacturer resulted in a report that no more of them were available.
Its one objectionable feature, like the slide rule, is the difficulty of transferring
co-ordinates to the drawing paper.

There are available several types of so-called "Statistician's Scales," with
a cycle based on the metric system. One such, illustrated in Figure 3, is printed
on heavy paper and sells for 30 cents.

3. Reduction Diagram. Maximum facility can be obtained by the use
of a reduction diagram similar to that shown in Figure 4. Many chart en-
thusiasts have prepared their own reduction diagrams. It is not practicable
to include a full-scale reduction diagram in this bulletin; however, original
reproductions of Figure 4 printed on 8 x 11-inch paper, may be obtained
direct from the author at 25 cents a copy or $1.00 per dozen copies. Figure 4
has been reduced to the same scale as example charts later shown, for conveni-
ent comparison by the reader.

In using the reduction diagram, any relative size of co-ordinates may be
obtained by drawing a line at the proper relative position. Thus at the line

6.66
marked "6.66," the co-ordinates are the size of the full standard ones on

10
the L10 line. In the examples to be solved later, logarithmic co-ordinates used
will be referred to this diagram.

IV. EXAMPLES OF APPLICATION
1. Two variablescomparison scale. While seldom used by itself,

the comparison scale is a device which is frequently useful in conjunction with
an alignment chart. Its possibilities should therefore be recognized for in-
clusion when desirable.

Briefly, the comparison scale is but a line on which graduations of two
variables appear. Equations of the first degree (linear) may be plotted to
either rectangular or to logarithmic co-ordinates. For example, let us consider
the relation between feet and inches.

Inches
____ = Feet

12

In Figure 5 is shown a comparison scale of this expression, plotted to rectangu-
lar co-ordinates. It will be noted that the co-ordinates for inches are one-
twelfth the size of those used for feet. If a comparison scale of this same
expression is plotted to logarithmic co-ordinates, as in Figure 6, a scale of
the same length cycle is used for each variable. Thus the linear distance

INCHES
0 0 20 30 40 50 60

I I I

FEET
Figure 5. Comparison Scale, Inches to Feet, Rectangular Co.ordinates.
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INCHES
10 20 30 40 50 60

I 2 3 S

FEET
Figure 6. Comparison Scale, Inches to Feet, Logarithmic Co-ordinates.

between 10 and 20 on the inch scale is identical to that between 1 and 2 on
the foot scale. When the exponent of both variables is unity, the same size
co-ordinates are used for each.

If now an equation other than linear is taken, such as the expression
showing the relation between the area and sides of a square, a marked differ-
ence will be noted. Figure 7 is a comparison scale of the equation Area -
(Side)', in which rectangular co-ordinates are used to plot "Area." The co-

AREA Square Feet
0 10 20 30 40 50 60 70

012 3 4 5 6 7

LENGTH OF SIDE Feet

Figure 7. Comparison Scale, Area = (Side)', Area in Rectangular Co-ordinates.

ordinates for the "Side" are of no regular system, which necessitates com-
puting each value before plotting.

In Figure 8, this second expression is plotted to logarithmic co-ordinates.
It will be noted that two cycles of the "Area" scale are equivalent in length

AREA Square Feet
2 3 4 5 10 20 30 40 50 00

I 2 3 4 5 6 7 8910
LENGTH OF SIDE Feet

Figure 8. Comparison Scale, Area (Side)', Logarithmic Co-ordinates.

to one cycle of the "Side" scale. If the relation were cubic, as in the case of
the slide rule K-scale, it would require three cycles of one to a single cycle of
the other, to show the proper relation.

2. Three variablesrectangular co-ordinates. The equation for the
perimeter of a rectangle may be written

P = 2 B + 2 H; Equation 3.

where P Perimeter,

B = Base,

and H = Altitude.
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Equation 3 will be seen to be of the type represented by the general ex-
pression, Equation 1, involving the sum of two variables, requiring rectangular

innC=L+m(1n)R Equationi.
r

co-ordinates for nomographic construction. This general equation contains
three variables (C), (L), and (R), in which one (C) is equated to the sum of

me
the other two. The coefficient of (L) is - , and that of (R) is

r
in(l n). The exponent of each variable is unity.

In Equation 3, there are likewise three variables (P), (B), and (H), in
which the variable (P) is equated to the sum of the other two. Thus in a
nomograph of this equation, values of (P) will appear on the central (C)
scale; values of (B) will appear on the left (L) scale; and values of (H) on
the right (R) scale.

In order to determine the nomographic characteristics (m), (n), and (r),
it is necessary to equate the general coefficients of Equation 1 to the specific
ones of the given expression, Equation 3. Thus

inn

=2
r

and m(1 - n) = 2.

Thus, two equations containing the three unknown characteristics are obtained.
It then becomes necessary to assume the value of one unknown in order to
solve for the other two.

If the two outside scales, containing values of (B) and (H), are assumed
to have the same desired range of values, the same size co-ordinates may be
used for each. Then, by Definition 2,

r = 1.
The two expressions containing the characteristics now reduce to

inn = 2

and m(1 - n) = 2;

which, when solved simultaneously, give the values

n 1/2

and in 4.

From Definitions 1 and 3, it is now seen that the central scale will be located
midway between the outside scales, and will be calibrated with co-ordinates
1/4 the size of those used on the right (R) scale.

The nomograph in Figure 9 has been drawn according to the character-
istics thus found. The values on the central scale have been located by means
of a construction isopleth through the values B = 2 and H 2. By substi-
tution in Equation 3

P=2B+2H=2(2)+2(2)8
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which is the value on the central scale at the intersection of the construction
isopleth.

In order to check the accuracy of the chart, a check isopleth has been
drawn through the values B = 6 and H = 8. Then by substitution in Equa-
tion 3

P=2B+2H=2 (6) +2(8) =28.

This value will be seen to agree with that given by the check isopleth on the
central scale.

3. Three variableslogarithmic co-ordinates. The general expres-
sion for determining the characteristics of a 3-variable alignment chart involv-
ing logarithmic co-ordinates, was given by the expression

C R " i Equation 2.

in which the characteristics appear as exponential values in a two-variable
product. If an equation can be arranged in a form similar to this basic ex-
pression, the characteristics may easily be determined.

One equation which is of the type tinder consideration, is that for the
maximum bending moment in simple beams under uniform loading.

w
M , Equation 4.

8

where w = Unit load, uniformly distributed, lb per ft,
L Span of simple beam, ft,

and M = Maximum bending moment, ft lb.

The effect of a coefficient in an equation involving a product of two varia-
bles, such as the value 1/8 in Equation 4, is to produce a vertical shifting of the
scales. It has no effect on the nomographic characteristics and may be ignored
in finding such.

Equation 4 is seen to be similar in form to Equation 2, as it stands. The
central (C) scale will contain values of (M) the left (L) scale will contain
values of (w) ; and the right scale will contain values of the span (L). If
The general exponents of Equation 2 are equated to the specific ones of Equa-
tion 4, we have

fin

7.

and ns(1n) 2.

Since three unknowns exist in but two equations, one must be assumed in
order to determine the other two. In most cases, the co-ordinates used on the
outside scales will be controlled by the space available and the range of values
desired. In defining logarithmic co-ordinates, reference will be made to Figure
4, on which the L1O scale is the unit scale to be found at the left side of the
reduction diagram. The L5 scale is then one-half the length of the L1O scale.

The following assumptions will be made for the alignment chart of
Equation 4:



ALIGNMENT CHART CONSTRUCTION 17

Right scale: values of span (L), L1O co-ordinates.
Left scale: values of load (w), L5 co-ordinates.
Thus by Definition 2

L1O
r = 2.

L5

Substituting this value of r = 2 in the first expression involving the charac-
teristics to be determined, we have

mu 2

and rn(l - n) 2.

When these two expressions are solved simultaneously, the following values
are obtained:

n 1/2

and m 4.

Thus by Definition 1, since n 1/2, the central scale containing values of (M)
will be midway between the outside scales. By Definition 3, since m 4,
the co-ordinates for the central scale containing values of (M) will be one-
fourth the size of those used on the right scale. Since the L1O units were

L1O
assumed for the right scale, = L2.5 units will be necessary on the central

4
scale.
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The characteristics thus determined have been summarized in Figure 10.
In order to locate the central scale vertically, a construction isopleth was drawn,
as shown, through the values

w = 100 lb per ft
and LlOft,
which when substituted in Equation 4 result in a value on the central scale of

wI] 100 X 102
M = __________ = 1,250 ft lb.

8 8

Let us now consider the relation between moments in foot-pounds and in
inch-kips, wherein

12 MFL
= .TktIK

1,000

From the examples discussed under comparison scales in Chapter IV it will
be seen that a comparison scale of these two units will require the same co-
ordinates, since both are of the first power. At the point on the central scale
where the construction isopleth crosses, we would have a value of

12 X 1,250
M = 15 inch-kips.

1,000

Figure 11 has been thus constructed. In order to check for possible errors
in computation or construction, a solution isopleth has been drawn on Figure
11 through the values

w = 4,000 lb per ft
and L30ft.
Substituting these values in Equation 4, we obtain

w L2 4,000 X 302
M = = = 450,000 ft-lb

8 8

12 X 450,000
and M = 5,400 inch-kips.

1,000

Both values will be seen to check reasonably well at the intersection of the
solution isopleth and the central scale.

4. Three variablesinverted scale. While limits of space in a bulletin
such as this prohibit the inclusion of all possible variations, an attempt has
been made to cover the major ones. As one common variation, let us take
the expression previously discussed,

w L2

M = -. Equation 4.
8
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Now let us assume that for some reason the chart designer wishes to rearrange
this expression so that values of (w) will appear on the central scale, values of
(L) on the left scale, and values of (M) on the right scale. The above equation
may be written

8M
w = 8 (- M Equation 5.

L2 \Lz

which will accomplish the desired scale distribution.The value will
\ L2 /

result in a reciprocal or "inverted" scale. In equating the general to the specific
exponents to determine the nomographic characteristics, the fact that the
variable (L) is in the denominator may be ignored. Thus we have

fin=2
r

and m(1n) =1.
For the outside scales, the following assumptions will be made:

Right scale, values of moment (M), L3.33 co-ordinates;
Left scale, values of span (L), L1O co-ordinates.
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Figure 12. Data for Chart of Equation w =
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By Definition 2, we then have the value
L3.33 1

I =
LIP 3

Substituting this value of r 1/3 in the expressions for the determination of
the characteristics, we then have

mu 2/3

and sn(1 ii) 1.

Solving these two expressions simultaneously, the following values are obtained:

a = 2/5

and in = 5/3.

From Definition 1, since n = 2/5, it is seen that the central scale will be two-
fifths the distance from the right to the left scale. From Dcfinition 3, since
m = 5/3, the co-ordinates on the central scale will be

1L3.33 = L1.99 co-ordinates.
The necessary data for construction of the final chart has been summarized

in Figure 12. It was demonstrated in Figure 11 that units of the bending
moment (M) in either foot-pounds or inch-kips, would require the same size
co-ordinates. In the chart for Equation 5, only inch-kips will be included. A
construction isopleth has been assumed through the values

L = 20 ft
and U = 100 inch-kips = 8,330 ft-lb.

By substituting these values in Equation 5, in order to determine the value on
the central scale at the construction isopleth, we find that

8M 8>K8,330
11' = = 166.6 lb per ft.

L 20X20

Using the data shown on Figure 12, the final chart, Figure 13, has been
drawn. A check isopleth has been drawn through the values

L = 8 ft

and U = 1,000 inch-kips gives the result 83,300 foot-pounds.

The value on the central scale will be seen to check the following value obtained
by substitution in Equation 5:

8M 8 X 83,300
w = = 10,400 lb per ft.

L 8X8
5. Parenthetic variables. Some equations seemingly are not adjustable

to the forms of either Equation 1 or Equation 2. One such equation from civil
engineering literature is Duchemin's formula for computing the wind load
component normal to a sloping roof surface.
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2 Sin AP = P
1 + Sin' A

where P,, Pressure normal to sloping roof surface, lb per sq ft,
P Wind pressure against vertical surface, lb per sq ft,

and A = Angle of inclination of surface with horizontal.

It will be noted that the entire quantity within the parentheses contains
but one variable. If now we let

2 Sin A

1 + Sin A'
Duchemin's formula reduces to the form

P = P f, Equation 6.

which is similar to the general expression, Equation 2, requiring logarithmic
co-ordinates for nomographic construction. The central (C) scale will contain
values of (P,,), the left (L) scale will contain values of (P), and values of
(f) will appear on the right (R) scale. Equating the general exponents of
Equation 2 to the specific ones of Equation 6, we have

nil'

r

and rn(l n) 1.

If the L1O co-ordinates are used for the (R) scale, and the L5 co-ordinates
for the (L) scale, by Definition 2

L1O
r = 2.

L5

Then by substitution

nm 2

and m(1 - n) = 1,

which, when solved simultaneously, results in the values

mm = 2/3

and in 3.

From Definition 1, since n 2/3, it is seen that the (C) scale containing values
of (Pa) will be two-thirds the distance from the (R) scale to the (L) scale.
By Definition 3, since ni 3, the co-ordinates for the central scale will be
one-third the size of those used on the (R) scale, or the

LlO
= L3.33

3

co-ordinates will be used for values of (Pa).
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Thus far the co-ordinates determined for the (R) scale are for values of
(f) where

2 Sin A

1+ Sin2 A

If values of (A) are substituted, however, their corresponding values of (f)
can be laid off on the (R) scale, but labeled as values of (A). Thus a direct
solution is possible. This method is practical only when there are relatively
few values of the parenthetic variable. Tabular values are given below for
the major angles and more common values of roof pitch.

Pitch
2 Sin A

Rise (A) f =
Degrees Sin A 1 + Sin2 A

Span
10 0.1736 0.336
20 0.3420 0.584
30 0.5000 0.800
40 0.6428 0.908
50 0.7660 0.968

1/6 18°-26'-06" 0.3162 0.573
1/5 21°-48'-05" 0.3714 0.653
1/4 26°-33'-54" 0.4472 0.745
1/3 33°-41'-24" 0.5547 0.848
1/2 45°-00'-OO" 0.7071 0.942

L5 LIO

>

LI0
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Ui

j
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L 3.33 CO ORDINATES
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Figure 14. Data for Chart of Equation P2 P
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These values of (f) will be laid off on the (R) scale and labeled their corre-
sponding values of (A) or "Pitch."

Since the conventional formula for finding the wind pressure (P) is

P = 0.004 V',
where P = Unit pressure against a vertical flat surface, lb per sq ft.
and V = Wind velocity in miles per hour,

a comparison scale may be constructed showing values of both (V) and (P).
Since the L5 co-ordinates were assumed for values of (P) on the left side,
it will be necessary to use the L10 co-ordinates for values of (V).

All the data thus obtained for the construction of the alignment chart
have been summarized in Figure 14. As noted, a
construction isopleth has been assumed through the values

P 4 lb per sq ft
and A 100.

Then by substitution in the necessary equations, we have

V = = 31.62 miles per hour
0.004 0.004

2 Sin A 2 >< 0.1736
and P0 =P 4X = 1.34lbper sq ft.

I + Sin2 A 1 + 0.17362

The final chart is shown in Figure 15, with a check isopleth drawn through
the values

P 25 lb per sq ft

and Roof pitch = 1/4.

By substitution, this will be found to give a value of

P0 = 18.6 lb per sq ft,

which will be seen to check that found on the chart.
The reader who becomes sufficiently interested in the subject will find it

possible to construct nomographs of such equations by means of curved scales.
But this involves the use of determinants, or the graphical method, both of
which have been avoided in this publication. The solution herein given has
been such as to bring parenthetic equations into a type resulting in parallel-
scale nomographs or alignment charts. The method is applicable to all cases
where a single variable is contained inside the parentheses. As previously
noted, the method is limited to those equations where the parenthetic variable
has relatively few values that need to be shown on the chart.

6. Multiple variables involving two common ones. There are nu-
merous examples in engineering literature where several three-variable equa-
tions are to be found containing two common variables. One example is to
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be found in the solution of a rectangular concrete beam with balanced tensile
reinforcing:

M = K b d'
and A=pbd.

bd
Approx. dead-load = - 150

144

where M Bending moment, in-lb,
A Area of tensile reinforcing, sq in.,

b Breadth of beam, in.,
d Effective depth of beam, in.,

and K and p are constants depending upon the ultimate
strength of concrete to be used.

In each of the above three equations, (b) and (d) appear as common
variables. An alignment chart may be constructed for the simultaneous solu-
tion of all three equations by superposing individual charts of each equation
with common (b) and (d) scales. Examples, by the author, of this particular
chart may be found in the July 1937 issue of Western Construction News,
a complete explanation of the construction of which was given in the May 1939
issue of the same publication. The April 1928 issue of Concrete contains not
only the chart, but also an explanation of its construction.

Another well-known example of such group-equations is to be found in
the so-called "exponential" equation for the flow of water in pipes. If a
coefficient (C = 100) is used in the Chezy formula for the flow of water in
pipes, we have

V = 100 YR S,
where V = Velocity, ft per sec,

S Slope of hydraulic gradient,
and R = Mean hydraulic radius, ft.

Area rd' d
However, R = __________ = = -,

Perimeter 4(rd) 4

where d = Inside pipe diameter, ft.

Hf
Also S = , ft per hundred feet of pipe,

100

where Hf = Friction head, ft.

The original equation then reduces to the form

I d H
V = 100 %/ = 5 d° H° Equation 7.

' 4 100

The discharge is given by the expression

'7T

Q A V d2 V, Equation 8.
4
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where Q Discharge, cu ft per see,

and A = Sectional area of pipe, sq ft.

in both Equations 7 and 8, the common variable (d) and (v) will be seen
to appear.

The choice of scales involves a consideration of size of drawing, range of
values to be shown, and significant figures to be read. These are questions
that must be decided by the individual who is to use the chart. When a choice
of scales is made herein, it will be done so without explanation.

It is usually advisable to rough out a chart before spending too much time
on the final drawing. An approximate check can then be obtained so as to
catch any error in nomographic characteristics. The truly useful chart is
frequently the result of evolution, additional factors becoming more evident
after completion and use.

Equation 7, involving a product of two variables, corresponds to the general
expression, Equation 2, requiring logarithmic co-ordinates. As arranged, values
of (d) will appear on the left scale, values of (17) on the central scale, and
values of (H) will be on the right scale. The L10 co-ordinates of Figure 4
will be used for the two outside scales, resulting in a value of r = 1 by Defini-
tion 2. Equating the general exponents of Equation 2 to the specific ones of
Equation 7, we have

fl 0
= 0.5

and nz(1 n) 0.5.

When the above assumed value of r = 1 is substituted, the resulting two equa-
tions contain but two unknowns:

in U = 0.5

and in(1 n) 0.5.

Solving the two expressions simultaneously, the following values are obtained

n = 1/2

and in = 1.

Thus by Definition 1, the central scale, containing values of (17), will be half-
way between the two outside scales. By Definition 3, the co-ordinates for the
central scale will be the same (L10) as used for the outside scales.

Equation 8 is likewise similar in form to the general expression, Equation
2, requiring logarithmic co-ordinates. An alignment chart of Equation 8 will
then have values of (d) on the left scale, values of (Q) on the central scale,
and values of (17) on the right scale. In the preceding solution for the
characteristics of Equation 7, the scales for values of (d) and (17) were
found to require the same size (LW) co-ordinates. So for Equation 8, the
two outside scales are already determined, resulting by Definition 2 in a value



ALIGNMENT CHART CONSTRUCTION 29

of r 1. Equating the general exponents of Equation 2 to the specific ones
of Equation 8, we have

In n

r

and ,n(l n) 1.

Substituting the above value of r 1, we obtain the two expressions

n n 2

and m(1 n) 1.

Solving these two equations simultaneously for values of (ni) and (n), we
obtain

n = 2/3

and m = 3.

From Definition 1, it will be seen that the scale containing values of (Q) will
lie 2/3 the distance from the (17) scale to the (d) scale. By Definition 3, the
co-ordinates for the (Q) scale will be 1/3 the size of those used for values of
(17), resulting in the use of the

L1O
= L3.33 co-ordinates.

3

L.IO L333 LIO CO-ORDINATES LID

0
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U) () I-
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Ui U) 0
0 2I Ui
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Ui
I
z0
F-0
U-

Figure 16. Summary of Characteristics for Equations V = 5 d°5 Hf°5 and Q = d2 V.
4
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From our knowledge of comparison scales (Figure 6) it is known that if
values of (d) were calibrated in both feet and inches, the same size logarithmic
co-ordinates would be used. Since pipe sizes are conventionally given in terms
of inches, only those values commercially available will be included. The
reader will note, from the discussion of comparison scales, that such a shift
from feet to inches does not involve any change of co-ordinates.

Figure 16 is a summary of the characteristics thus far obtained.
A comparison scale could be constructed for discharge. Thus

G = 448.8 Q,
where G = Discharge, gal per mm,
and Q = Discharge, cu ft per Sec.
Since no exponential values, other than unity, are involved in this relation, the
same co-ordinates (L3.33) will be used for the discharge in gallons per
minute.

In writing Bernoulli's theorem between two points in a hydraulic system,
it becomes advantageous to have the velocity (1/) in terms of velocity head
(H0). This is obtained from the expression

V2 V2
1-10 = =

29 64.4

So a comparison scale may be constructed with velocity head on one side and

1J2. LIiJ2 COORDINATES Lb
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Figure 17. Summary of Information for Construction of Alignment Chart for
Flow of Water in Pipes.
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velocity on the other. Since the L10 co-ordinates are to be used for values of
(17), by reference to the comparison scale in Figure 8, it will be seen necessary

L10
to use the L5 co-ordinates for values of (Hr).

2

The friction loss has been given in terms of lost head (H,) in feet per
100 feet of pipe. Many times it is convenient to know what the loss may be in
terms of pressure. So we have the expression

H,
P1 =

2.31

where P, Pressure loss, lb per sq in. per 100 ft,

and H, = Friction head, ft per 100 ft of pipe.

A comparison scale involving these two variables will require the same size
co-ordinates (L10) for each.

In Figure 17 a summary is given of all the information necessary for the
construction of the chart. In order to locate all scales, a construction isopleth
was assumed through the values d 0.5 ft 6 in. and H, 1 ft per 100 ft
of pipe. Substituting these values in the expressions previously given, we have
by slide rule

V = 5Vi7T= 5V0.5 X 1 3.54 ft per sec,
f72 (354)2

H =-= =0.194 ft,
2g 64.4

Q = A V 0.1963 >< 3.54 0.695 cu ft per sec,

G = 448.8 Q 448.8 >< 0.695 = 312 gal per mm,

H, 1

and P, = = 0.433 lb per sq in. per 100 ft.
2.31 2.31

These values have been included in Figure 17 as indicated on the construction
isopleth.

The chart in Figure 18 has been drawn from the information shown in
Figure 17. In order to check the accuracy of Figure 18, a solution line has
been drawn through the values d = 24 in. = 2 ft and H, 10 ft per 100 ft.
A substitution of these values, in the proper equations gives the following
results

V = 5ViH 5VTX4 10 ft per sec,
172 (10)2

II, = = = 1.522 ft,
2g 64.4

A V = 0.7854>< 10 = 7.854 cu ft per sec,
C 448.8 Q 448.8 X 7.854 = 3525 gal per mm,

I-I, 4
and P, = 1.732 lb per sq in. per 100 ft.

2.31 2.31
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These values will be seen to check reasonably well those obtained from the
solution isopleth in Figure 18.

FLOW OF WATER IN PIPES
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Somewhat similar charts by the author will be found in the following
publications:
Civil Engineering; November 1934,

Weymann-Aeryns formula for flow of water in clean cast iron pipe.

V 182.5 R°'723 S°53°

Western Construction News; April 1937,

Manning's formula, n = 0.014, for flow of water in pipes.

Western Construction News; April 1938.
Flow of water in small copper and brass pipes, from Bridgeport Brass Co.

tabular data.

7. Four variableslogarithmic co-ordinates. The alignment chart, as
has been demonstrated, is based on an equation of three variables. Equations
containing more than three variables must be separated into groups of three
variable equations before they can be put into alignment chart form. Thus
a four-variable expression such as

A
B

may be written A B = x y.

Equating both sides of this expression to a common function (f), we have

f=AB
and fxy,
resulting in two three-variable equations with a common variable (f).

An alignment chart could now be constructed for each of these two
equations. The central scale of each will contain values of the common
variable (f). If the same size co-ordinates were used for values of (f) on
each chart, the two charts could be superposed with a common (f) scale. Since
values of (f) are only a means to an end, values of it are of no interest.
Therefore, the co-ordinates of the (f) scale are usually omitted. This results
in a line without co-ordinates, which some authorities term a "turning scale,"
but which the author prefers to call a "support."

As an example of this type of chart, let us take the general equation for
finding the maximum bending moment in a continuous beam subjected to a
uniformly distributed load.

M = 12 CwL2 Equation 9

where M = Maximum bending moment, in-lb,
w = Uniformly distributed load, lb per lin ft,
L = Span of beam, ft,

and C = Coefficient, value of which depends upon location in
beam and degree of restraint. The more common values
of (C) are: 1/8; 1/10; 1/12; 1/16, the application of
which will be evident to anyone familiar with building
design. Such coefficients are conventionally specified in
building codes.
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In the design of any continuous beam, there may be a number of moments
to be computed with the span and the load remaining fixed. Therefore Equation
9 will be written with these two variables on the same side of the equality sign.

M
- = 12 a' L2
C

Equating each side to a common function (f), we obtain

f = 12 w P Equation 9a.

f=M
C

Equation 9b.

Since each of these two expressions is similar to the general expression,
Equation 2, alignment charts may be constructed for each by the use of
logarithmic co-ordinates.

If for Equation 9a, the L9 co-ordinates of Figure 4 are assumed for the
two outside scales containing values of (w) and (L), by Definition 2 we have
he value r = 1. Equating the general exponents of Equation 2 to the specific

ones of Equation 9a, the following two expressions are obtained:

ft 0

r

and ,n(1 - n) =2.

Substituting the assumed value of r 1, we obtain two equations

niij 1

and sn(1 - n) ='2,

which may be solved simultaneously, resulting in the following values:

n = 1/3

and to = 3.

From Definition 1, it will be seen that the central scale containing values of
(f) will be 1/3 the distance from the right scale containing the values of (L),
to the left scale containing values of (w). From Definition 3, the co-ordinates
for the central scale must be 1/3 the size of those used on the right scale. Thus
for values of (f) the

L9
= L3 co-ordinates

3

of Figure 4 must be used. In Figure 19 these data are summarized.
A construction isopleth has been assumed through the values w = 1,000 lb
per ft and L = 10 ft. By substitution, these values result in a central scale
value of

f = 12 w L2 12 X 102 = 1,200,000.
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CO-ORDINATES

N

x

Figure 19. Data for Chart of Equation f = 12 w L2.

Since the two charts are to be superposed utilizing a common (f) scale,
for Equation 9b we must start with the knowledge that the co-ordinates for
the (f) scale are the (L3) ones of Figure 4. If now the (L6) co-ordinates
are chosen for values of (M) of the right scale, by Definition 3 we know that

L6
ni = = 2.

L3

Equating the general exponents of Equation 2 to the specific ones of Equation
9b, the following expressions are obtained:

nt a

r

and ns(1n) z1.

Substituting the value m 2, found above, in the second expression, we find
that

a 1/2.

Substituting the known values of (in) and (a) in the first expression, we
obtain a value of

r 1.

Therefore, by Definition 1 the central scale containing values of (f) will lie
midway between the right scale containing values of (M) and the left scale



36 ENGINEERING EXPERIMENT STATION BULLETIN No. 12

containing values of (C). Also, from the discussion of inverted scales, it
will be seen that the reciprocal (1/C) results in a system of co-ordinates
which progress in reverse to those for (M). From Definition 2, it is seen
that the left scale utilizes the same co-ordinates (L6) as the right scale. In
Figure 20 these data thus found have been summarized. A construction isopleth
as shown has been assumed through the value f = 1,200,000 taken from Figure
19 and M = 240,000 in-lb. By substitution in Equation 9b, the value

M 240,000
C = = 0.2

f 1,200,000

is obtained for locating the (C) co-ordinates.

Lb CO-ORD L3 L6
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M
Figure 20. Data for Chart of Equation f -.

C

In Figure 21, the two charts have been superposed, omitting the co-ordi-
nates for values of (f) on the "support." Only the four values of (C) have
been included although a complete scale of these coefficients could have been
calibrated.

Instead of labeling the bending moments as "inch pounds," they have been
indicated at their corresponding values of "inch kips." This involves no change
in co-ordinates. At the construction isopleth, we then have a value of

M 240,000 in-lb = 240 in-kips.
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In order to avoid confusion as to which scales are to be used together, the
author has found that such scales can best be indicated with a common letter
at the top, as in Figure 21. Thus a solution isopleth must extend between the

BENDING MOMENTS
CONTINUOUS SPANS UNIFORMLY DISTRIBUTED LOADS
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"A" scales, and another one between the "B" scales. For any one solution,
the isopleths thus drawn must intersect on the "support."

For the solution shown on Figure 21, the following values were assumed:

Load, w = 2,000 lb per lin ft,
Span, L 15 ft,

Mom. Coef., C 1/12.

Solution isopleth (1) has been drawn between the values of (w) and (L) on
the "A" scales. Isopleth 2 has been drawn from the value C = 1/12 through
the intersection of line 1 on the support. On the moment scale, line 2 indicates
a value of M = 450 inch-kips. If the assumed values are substituted in
Equation 9, we find that

M 12 C w V = 12 X X 2,000 X 15' = 450,000 in-lb
12

= 450 inch-kips.

V. CONCLUSIONS
In conclusion, it might be said that the method herein presented for the

determination of alignment chart characteristics, consists of the following
procedure:

(1) If the equation to be plotted is not already in such form, transpose it
until it is in a form similar to one of the general expressions, Equation 1 or
Equation 2.

(2) By comparison of the variables in the specific equation to those in
the similar general expression, the order of the scales becomes obvious.

(3) Equate the general coefficients, or exponents, to the specific ones of
the equation to be plotted.

(4) Assume one of the three unknown characteristics, and solve for the
remaining two from the expressions developed in step (3).

While the method is limited to equations that result in nomographic charts
with parallel scales, it is likewise the first mathematical solution that does not
require the use of determinants. Because of the lack of facility in the use of
determinants, many elementary students of nomography have been unable to
follow the conventional text utilizing that presentation. Therefore, it is hoped
that by presenting a method involving only simple algebraic manipulations,
many individuals will learn that the construction of such charts is as simple
as their application. Modern engineering literature indicates a marked increase
in the use of nomographic charts, and a knowledge of the general principles
involved should result in a more intelligent use of such charts.

VI. GENERAL RECOMMENDATIONS
In order to justify the time spent on the design and construction of any

chart, an increased efficiency should be realized in the application of the
problem solved. Routine problems of many applications are frequently worthy
of such effort. In the trigonometric reduction of many thousands of test
observations, one organization had stenographic help making the substitutions
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by means of a large nomographic chart. Another organization reported time
saved by using the author's Concrete charts to check design computations.

Since increased efficiency is the principal objective, simplicity should be
the keynote. The author has one chart, prepared by a commercial design
organization, which is so complicated that a book of instructions is necessary
for its use. Such a chart may save time for the constant user who is thoroughly
familiar with its application. For the occasional user, however, a complicated
chart is always of questionable value. The simplicity of application of the
nomographic chart is probably responsible for its popularity.

Above all, a chart should indicate the problem to be solved, the equation
used when any uncertainty might exist, and the method of solution. Since
convenient charts are frequently copied and find wide distribution, they should
preferably carry the name of the individual or organization originating them
in order that proper credit may be received.

The accuracy of a solution by chart is dependent on both the accuracy
of construction and the method of reproduction. Vertical lines and graduations
should be no wider than for proper visibility and legibility. Graduations
should be so labeled and varied in length that readings can be made at a glance
without tedious counting. Reproductions made by any of the so-called "wet"
processes, may result in uneven shrinkage and resulting errors. Lens distortion
in photostating may result in an inaccurate reproduction. Contact reproductions
made by either the ammonia gas or continuous damp-process are probably
among the most accurate of those available to the usual engineering office.

Above all, patience and persistence are necessary attributes for those who
desire reasonable success in the field of nomography.
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