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Efficiency, %
TR BERS

H | i

Francis turbines ———s—e—— —Prooeller-iurbines o =

e

3 8

A Single- nozzle impulse _- : ‘ —I_ |
0 20 40 60 B0 100 120 140 160 180 200
n.4bhp,

pY

Normal specific speed, n,=

Figure 16.13. Optimum values of turbine efficiency.

cannot be reduced in proportion to other dimensions, and thus the leakage loss
becomes a larger percentage value. Also, for the same average velocity, the fluid
friction in flow through the small passages is greater than that through the larger
passages, because of greater relative roughness and steeper velocity gradients
resulting in larger shear stress at the boundary.

The effect of size on turbine efficiency is of importance in transferring test
results on small models to their prototypes. For both Francis turbines and propel-
ler turbines this can be done by the Moody step-up formula, which is

-2

This applies, of course, only to homologous machines. It has some theoretical
basis and has been found in practice to give satisfactory results.

Equation (16.4) does not apply to Pelton wheels since it is assumed that their
efficiencies are nearly independent of size. This is logical because they have no
leakage losses to make a difference. Thus, although a large reaction turbine may
be more efficient than a Pelton wheel, a small one may be less efficient, It is
impossible to give an absolute value of size below which a reaction turbine would
be less efficient than an impulse turbine, but a rough approximation would be that
if the diameter of the reaction runner is less than about 20 in, its efficiency may be
less than that of a Pelton wheel.

It will be observed in Fig. 16.13 that the most favorable specific speed for a
Francis turbine is around 50 and that the efficiency is lower at both extremes. A
Francis runner of low specific speed will have a large diameter D and a narrow
width B for a given power. Disk friction loss due to the drag exerted by the water
in the spaces between the runner and the case varies as D°, and so this loss is
proportionally large. Also, there is increased fluid friction in the long and narrow
runner passages characteristic of the low-specific-speed Francis runner.
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At a high specific speed these effects diminish in importance and the efficiency
increases. But at very high specific speed the fluid friction is greater because of the
higher relative velocity through the runner.- Also, the kinetic energy lost at
discharge is greater. Therefore the maximum efficiency decreases, as n, exceeds
about 50; the propeller turbine becomes more desirable at specific speeds above
90.

16.11. THEORY'

The primary object in this chapter is to explain the operating characteristics of
reaction turbines and to point out some features in their design. An understanding
of these is of value to many engineers. However, very few engineers will ever have
occasion to design the detail of a runner vane, and that topic will not be discussed
here.

The energy losses in a reaction turbine may be very simply described as the
so-called shock loss at entrance to the runner if the relative velocity of the water
leaving the guide vanes is abruptly changed in either magnitude or direction or
both when it enters the runner; fluid friction in the casing, through the guide-vane
passages and through the runner passages; kinetic energy loss due to the absolute
velocity head of the water at discharge from the runner. of which up to 80 percent
might be regained in the most efficient draft tube: and mechanical friction of the
hearings and stuffing boxes, as well as disk friction. All these losses vary in dif-
erent ways, and it is not possible to have all of them a minimum at the same

In order to avoid shock loss at entrance, it is necessary that the runner-vane
angle, which will be designated by f, and which is fixed by construction, should be
the same as fi,, determined by the velocity triangle. The latter will vary with the

perating conditions. The relations as determined by the velocity triangle

rg 6.10) are

V, sin ¢ = v, sin B,

V, cos o, = u; + v, cos f,
Slmsating v, between these two equations,

sin (i, —
_sin(p-m)
sin 3,

aa ¥ B, be assigned a fixed value of §,, this is the relation between u, and ¥, for
Bt there s no shock loss. If, on the other hand, u, and ¥, are given, the
Sl amay be put into a more convenient form as

= V, cos &; —u,
=
; Sin o,

nt the reader review Sec. 6.9 giving particular attention to Fig. 6.10,
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which, upon letting f, = f#,, determines the value of the vane angle f; for no
shock loss. Employing ¥, = C,./2gh and u, = #+/2gh, the above equations can
be expressed in dimensionless forms as

sin (§, —,)
_sin | 165
Sin ﬁl Cl ( )
and cot B, = (:,iccossila—l_d? (16.6)
1

Values of the runner vane angle f; smaller than 90 have been found to cause
cavitation at the inlet and to give poor efficiency; so the angle is generally made
90° or more. A value for f; in the vicinity of 95 to 100° is fairly common.

The hydraulic efficiency of turbines is e, = h"/h. From Eq. (6.22) we have h” =
(u, V; cos @, — u, V, cos a,)/g. Defining V; = C,/2gh, V, = Cz\/Zgh, and u, =
¢\/29h, we get for the hydraulic efficiency of a turbine.

h"  u,V; cosoty —u,V, cos a,
h gh

For maximum efficiency a, will be close to 90°, for then the value of V;, and hence
the loss of kinetic energy at discharge from the runner, will be a minimum.
Experimental evidence indicates that a, for maximum efficiency varies from 85°
for low-specific-speed Francis turbines to about 75° for high-specific-speed ones.
As a simplifying assumption for this discussion let us assume a, = 90°. Equation
(16.7) then becomes

o= = 2¢(C, cos o —:f C, cos az) (16.7)

ey~ 24.C; cos a, (168)

From this equation it is seen that ¢, and C, are inversely proportional to each
other. For the Pelton wheel, ¢ is a little less than 0.5 and C, = C,, the nozzle
velocity coefficient, is nearly 1. For the reaction turbine, where less than half of the
net head is converted into the kinetic energy leaving the guide vanes and entering
the runner, the value of C, must be of the order of 0.6, and therefore ¢, is
correspondingly high. As the specific speed increases, values of C, decrease and
¢.- As mentioned previously ¢, for Francis turbines ranges from about 0.70 to
0.85. Typical values of ¢, for axial-flow turbines range from 1.4 to 20,

16.12. TURBINE PROPORTIONS AND FACTORS

Figures 162 and 16.14 show the nomenclature used. In a high-specific-speed
Francis runner the diameter at the entrance varies from crown to band and the
nominal diameter D is taken at the mid-height of the guide vanes. For our purpose
much use will be made of this dimension. For the designer, however, an important
dimension is the throat diameter D,, which is less than D for low-specific-speed
Francis runners and greater than D for high-specific-speed Francis runners. The
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N

Pivoted guide
vanes
Stay vanes

Band or
shroud ring

""T Figure 16.14

diameter D, of the upper end of the draft tube is slightly less than D, for low-
specific-speed Francis runners and slightly greater than D, for high-specific-speed
Francis runners. For axial-flow runners D = D, = D, (Fig. 16.2¢).

Values of certain runner proportions and factors are shown in Fig. 16.15. All
quantities which may vary with either load or speed are here shown as the values

+

Francis turbines

| +— =T turbines. — 10
0 i i | | | 0
0 20 40 60 80 100 120 140
Mormal specific speed, n,
Figure 16.18 Characteristics of turbmes as a function of specific speed
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for the point of maximum efficiency. The exact form of a runner profile and the
values of these factors will vary from one manufacturer to the next and are
developed as a result of experience. However, the values shown are representative
and do show the trend of each as a function of specific speed.

The theory as presented in this chapter represents the capacity of a runner as a
function of D, but the quantity which determines capacity is the discharge area of
the runner. This area is determined on the drafting board and is carefully checked
in manufacture.

The circumferential area of the runner is

A, =0957BD = 0.95;:(?))1)2

where 0.95 is a factor arbitrarily inserted to correct for the area occupied by the
runner vanes. In a specific design the precise value could be obtained. The ratio
B/D is a function of specific speed. i

The radial component of the velocity at entrance is V, = C, \/Zgh and
Q=V.A. Since bhp=eyQh/550 and also bhp=nlh*?/n®  where
s IS3.2¢\/11,’D from Eq. (14.22), it is possible to employ all these relations to
obtain

n2

z (16.9)

€ = 67.3402(B/D)e

if v is assumed as 62.4 Ib/ft*. (For any other specific weight y/, multiply 67,340 by
¥'/3.) Then, by employing values of ¢, and B/D from Fig. 16.15, a value of ¢C, may
be obtained for any specific speed. It is seen that in any given case the value of C,
depends upon the turbine efficiency, which is proper, because, for a given power
for a given specific speed, the quantity Q required will depend upon the turbine
efficiency. The value of the efficiency e is not necessarily that shown in Fig. 16.13,
for those in the figure are merely typical values.

Also, V. = ¥, sin a,, and it is therefore clear that, as C, and ¥, depend upon
the turbine efficiency, so also must o, depend upon turbine efficiency. That is, in
order to provide a greater flow for a turbine of lower efficiency, the gates must be
opened to a larger angle to provide a larger area for the flow. Hence the values of
o, shown in Fig. 16.15 are only approximations.

The foregoing discussion and equations apply to the Francis turbine. For the
axial-flow turbine, D is replaced by D, and the value of ¢, becomes that for D, , the
maximum diameter. If the diameter of the guide-vane-tip circle is D, Eq. (16.9) is
replaced by

n2D}

G 67.340¢2BD e {26:30)

Often D, is slightly greater than D, but in many cases the two are practically

identical. If the latter is the case. then Eq. (16.10) reduces to the same form as
Eq. (16.9).
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Mlustrative Example 16.2. (a) Find tvpical values for the blade angles =z, and ff;, of a Francis
turbine having a specific speed n, = 20.
From Figs. 16.13 and 16.15, e = 0.925, B/D = 0.10, and.¢p, = 0.72. Assume e, = 0.94 and a, =%

nen
: 400
C= e =0.124
67.340(0.72)3(0.10){0.925)
From Eq. (16.8), C, cos x; = &, /2¢_. Thus
- 0.94
C, cosa; = xo_“:il.ﬁﬂ
C; sin £ 0.124
lan a; = — = = =(.190

" C,cosz, C,cosx, 0653
n which o, = 10745, Hence C, = C, [sin 2, = 0.124/0.186 = 0.665. Applying Eq. (16.6),

0.653 — 0.72

cot fi, = T i —0.53

118", which should also be the blade angle f.
) 1f the turbine of (a) above is to be used to develop 3,600 bhp under a head of 402 ft at

) rpm, determine approximate values of B and D; find' V, and Q.
600, /3,600 o ;
= (402157 =20 as in (a)

D 153.2¢/ h 1532 x 0.72 x 2005
n n ' 600

Fig 16.15 B = 0.10 x 3.69 =037 fi, and D,=0.735 x 369 = 271 it. Thus 4,=095aDB =
W06 B N =10.124 x 802 x 2005 = 199 Ips, and Q = 406 x 199 =81 cfs.

=369t

18.13. CAVITATION IN TURBINES

svwanon (Sec. 48) is undesirable because it results in pitting (Fig. 16.16),
e cal vibration, and loss of efficiency. In reaction turbines, the most likely
sisee e the occurrence of cavitation is on the back sides of the runner blades near

Sew wraching edges. Cavitation may be avoided by designing. installing, and oper-

some & tarbine in such a manner that at no point will the local absolute pressure
¢ to the vapor pressure of the water. The most critical factor in the installation
W sswctwon turbines is the vertical distance from the runner to the tailwater (draft
ead
» comparing the cavitation characteristics of turbines it is convenient to
S & CEmmslson parameter as
Pare/ T — Pul¥ — Z8 11(]| 1]
h

g =

e =y #nad & 3re s defined m Fig. 169, The term p,./y — p./y represents the
» whach water will rise in a water barometer. At sea level with 70°F water,
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e - 0

Mammoth Pool Powerhouse after

Figure 16.16. Cav itation pitting of Francis wheel and scroll case at _
2 yrof operation. Conditions of service are relatively severe. Turbine rating: 88.000 hp at effective

head of 950 ft; operating speed 360 rpm. The bright shiny spots are stainless-steel welds that have
withstood cavitation pitting for aver a year. (Couriesy af Southern California Edison Co.)

Paenly — Pul¥ = 31 ft. At higher elevations and at higher water temperatures it is

smaller than 33.1 ft. The minimum value of o at which cavitation occurs is .. Its
value can be determined experimentally for a given turbine by noting the operat-
ing conditions under which cavitation first occurs as evidenced by the presence of
noise, vibration, or loss of efficiency.
From Eq. (16.11) we see that the ma

bine runner above tailwater is given by

ximum permissible elevation of the tur-

ig= Paln‘l."'h}I a1 pr."lll? — 0 h (1612)

Typical values of g, are as follows:

'|| Propeller turbines
|

|| Francis turbines
T Tl |
Bl | b @i | 100 || 100 | 350 | 200
o, | 0025 | 010 | 023 | 040 | 064 ) 043 | 073 | 1S
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Head, N

Figare 16.17. Recommended
limits of specific speed for
turbines under various effective
heads at sea level with water
temperature at  80°F. (After
Moody, in Davis (ed.), “Hand-

wheel —* =TT tubine T type

: g R i i 4 =y book of Applied Hydraulics™
) 2 4 6 810 20 40 60 80100150200 McGraw-Hill Book Company,
n, at rated capacity 1952.)

Inspection of these values shows that a turbine of high specific speed must be
ws much lower than one of low specific speed. In fact, for a high net head h, it
st be necessary to set a high specific-speed turbine below the level of the
wiwater surface (e, with negative draft head). This is a factor which restricts
e wse of propeller turbines to the low head range, which is fortunately the
ssndtson for which they are best suited in other ways also.

Fg 1617 shows recommended limits of safe specific speed of turbines for
M Seads and settings based on experience at existing power plants.

Wismessine Example 16.3. Find the maximum permissible head under which a Francis turbine
gperse f 1t s set 10 ft above lallwater at an elevation of 5,000 ft with water temperature

122 x 144 |
—— =282 fi
624
0.26 x 144 g
=05 h
62.4

g, = 0.3]

permussible head to assure against cavitation)
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16.14. SELECTION OF TURBINES

Inspection of Eq. (14.23) indicates that at high heads for a given speed and power
output, a low-specific speed machine such as an impulse wheel is required. On the
other hand, an axial-low turbine with a high n, is indicated for low heads. An
impulse turbine may, however, be suitable for a low-head installation if the flow
rate (or power requirement) is small, but often under such conditions the required
size of the impulse wheel is prohibitive. Impulse wheels have been used for heads
as low as 50 ft if the capacity is small, but they are more commonly employed for
heads greater than 500 or 1,000 ft. The limiting head for Francis turbines is about
1,500 ft because of possible cavitation and the difficulty of building casings to
withstand such high pressures. By choosing a high speed of operation and, hence,
a high-specific-speed turbine, the runner size and thus first cost are reduced.
However, there is some loss of efficiency at high specific speeds. Nonetheless, the
modern trend is toward the selection of high-specific-speed turbines.

In the selection of a turbine or turbines at a given installation options are
available with respect to the number and type (n,) of turbines. Generally it is
considered good practice to have at least two turbines at an installation so that the
plant can continue operation while one of the turbines is shut down for repairs or
inspection. The head h is determined primarily by topography, and the flow Q by
the hydrology of the watershed and characteristics of the reservoir. Some of the
factors influencing the choice of turbines are apparent in the following example.

Illustrative Example 16.3. Two or more identical turbines are to be selected for an installation
where the net head is 350 ft and the total flow is to be 600 cfs. Select turbines for this installation
assuming 90 percent efficiency,

The total available power 15

70he 624 x 600 x 350 x 0.90

— = 21,200 hp
350 550

Assume two turbines at an operating speed of 75 rpm (96-pole generators for 60-cycle electricity).

15212002 .

n = = 5,15

. 350°%
Thus, if the operating speed is 75 rpm, use two turbines with n, = 5.15. The required wheel diameter of

these turhines is found from Eq. (14.22):

i 153.3,/350 x 045 _

75

172 it

A wheel diameter of 17.2 ft is quite large; a smaller size is possible by increasing the rotative speed. If
n = 100 rpm, n, = (5.15 x 100)/75 = 6.9, and D = (17.2 x 75)/100 = 12.9 ft. Other combinations of n,
and D could be used with other speeds; however, in accordance with Fig. 15.16, n, should be less than
about 70 1o ensure high efficiency if impulse wheels are selected. Another possible solution is four
wdentical turbines with n, = 5.8 and D = 10.7 ft operating at 120 rpm.

Finally, let us explore the possibility of using Francis turbines. Assume two Francis turbines
operating at 600 rpm (12-pole generator for 60-¢ycle electricity).
600,/21,200/2

n, = - =41

=30
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According to Fig. 16.17 these turbines will be safe against cavitation only if they are set at zero or
negative draft head (i.e, with the runner at the same elevation as the tailwater or below the tailwater)

To provide greater safeguard agamst cavitation we might select a lower-specific-speed machine,
but then its efficiency may not be so good as indicated by Fig. 16.13. A good choice would be two
Francis turbines with n, = 30.8 operating at 450 rpm. The required diameter of these turbines would
be about 4.8 ft assuming ¢ = 0,75, There are actually an infinite number of alternatives. The things to
watch out for are: (a) freedom from cavitation (Fig. 16.17); (b) reasonably high efficiency (Fig. 16.13);
and (¢) size not too large [Eq. (14.22)]. Flexibility of choice is achieved through variation in the
number of units (and hence brake horsepower per unit) and in the operating speed. Variation in the
draft-head setting also provides some fiexibility

16.15. PUMP TURBINE

In recent years the pump-turbine hydraulic machine has been developed. It is very
similar in design and construction to the Francis turbine. When water enters the
rotor at the periphery and flows inward the machine acts as a turbine. With water
entering at the center (or eye) and flowing outward, the machine acts as a pump
The direction of rotation is, of course. opposite in the two cases. The pump turbine
s connected to a motor generator which acts as either a motor or generator
fepending on the direction of rotation.

The pump turbine is used at pumped-storage hydroelectric plants which
sump water from a lower reservoir to an upper reservoir during off-peak load
seriods so that water is available to drive the machine as a turbine during the time
nat peak power generation is needed.

\n example of a pump turbine are those at the Kisenyama Pumped Storage
ect of the Kansai Electric Company in Japan. There are two identical pump

s at that installation. Under the normal range of operating conditions each
achine has the following characteristics.

1 )

& & surbine (n = 225 rpm):
Deselop 322000 hp at maximum net head of 722 ft.
Dessiop 238,000 hp at minimum net head of 607 ft.
RS summp (= 225 rpm):

Bier 1 880 cfs at minimum net head of 649 ft.
Py 3040 cfs at maximum net head of 755 fi.

A

B INSTALLATIONS

‘h‘*lm\.;]; adapted for use under moderately low heads and

Shes e Sapn Seads 8p 10 a possible maximum of 1,500 ft for large powers, if the
SRS e e Sery st that would cut the clearance rings and produce excessive
ek B THe prepeller type of reaction turbine is particularly suitable for the
sorametiom of low head with large power. Its cavitation characteristics limit it
» =izcnely bw bead usc
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Among some interesting installations of reaction turbines are the following.
At Fionnay, Switzerland, a Francis turbine operates under a head of 1,490 ft and
delivers 63,200 hp at 750 rpm. In Austria a head of 1,430 ft is used for a 77,700-hp
turbine at 500 rpm. In Norway a head of 1,360 ft is used to develop 69,000 hp at
500 rpm. In Italy a reaction turbine running at 1,000 rpm develops 20,140 hp
under a head of 1,320 ft. At Oak Grove, Ore., a Francis turbine under a head of
850 ft delivers 35000 hp at 514 rpm. These are all low-specific-speed reaction
turbines.

Examples of higher specific speeds are a Francis turbine in France, which
delivers 154,000 hp at 187.5 rpm under a head of 336 ft and another one, also in
France, which runs under a head of 233 ft and develops 135.000 hp at 150 rpm. At
Conowingo on the Susquehanna River 54,000-hp units run at 81.8 rpm under a
head of 89 ft. The Conowingo runners are 18 ft in maximum diameter. Another
example of large reaction turbines are the four vertical-shaft Francis turbines that
Mitsubishi has recently manufactured for installation at the Kootenay Canal
Power Station in British Columbia, Canada. These are each designed to develop
196,000 hp when operating at 128.6 rpm under a net head of 268 ft.

Kaplan turbines are represented by one in Sweden which develops 105,600 hp
at 125 rpm under a head of 130 ft and one in Italy which runs at 600 rpm under a
head of 141 ft and delivers 7,500 hp. At Bonneville, on the Columbia River, are
units which have runners 280 in in diameter and with only five blades. They
deliver 66,000 hp at 75 rpm at 50 ft head. At Safe Harbor on the Susquehanna
River are six units with runners 220 in in diameter running at 109.1 rpm under a
head of 53 ft and delivering 42,500 hp each. At Wheeler Dam in Alabama a
fixed-blade propeller unit delivers 45,000 hp at 85.7 rpm under a head of 48 ft. At
Rock River in Illinois a Kaplan turbine runs under a head of only 7 ft. It has a
runner 138 in in diameter and develops 800 hp at 80 rpm.

PROBLEMS

16.1. When operating at optimum efficiency of 90 percent the flow through a small radial reaction
turbine, Fig. 6.10, is 4.0 cfs. The head on the machine is 296 fi. Its dimensions are: r, = 0.8 ft,
ry =02 fi, B, = 60° B, = 140° and vane height Z = 0.4 ft. Determine the specific speed of this
turbine. Also compute ¢ and compare it with typical values given in the text.

16.2. Water enters a rotating wheel with a relative velocity of 200 fps; r, = 4.0 It, and n = 420 rpm,
There is no pressure drop in flow over the vanes. Assume k = 0.2. Find the relative velocity at
discharge if (a) ry = 30 ft; (b) r, = 50 It

16.3. Water enters a rotating wheel which is so proportioned that the passages are completely filled.
Q=400 cls,a, = 10 t*, a, =8 ft>,r, = 1.5 ft, r, = 1.0 ft, and n = 540 rpm. Assume k = 0.2. Find the
drop in pressure head between entrance and exit.

16.4. In the figure is shown a spiral case for a large vertical-shaft turbine. To assist in supporting the
weight of a generator on the floor above the turbine, columns are inserted in the casing in the form of
stay vanes in a casting known as a speed ring. These vanes should conform to natural streamlines.
(Guide vanes, which do direct the course of the water, are inside the speed ring, and the runner is in the
very center. These details are not shown.) In the figure let r, = 18 ft, r, =8 ft,ry = 6 ft, 4, = 200 %,




REACTION TURBINES 499

Prob. 16.4

B,=3M By=25M, a, =407 I the water enters the turbine case at (1) with a velocity of 8 fps, find
ne tangential and radial components of velocity at entrance to and exit from the speed ring. What
ild be the directions of the stay vanes at entrance and at exit?
165 Refer to Ilustrative Example 16.1¢. Suppose two units are to be used. Select several different
specific-speed-operating-speed combinations that would satisfy the requirements,
166, (a) At a plant of the Utah Power and Light Co. is a turbine runner 76 in in diameter which
ps 8,500 hp at 300 rpm under a head of 440 fi. (b) At Niagara Falls a turbine runner 176 in
fsmeter develops 72,500 hp at 107 rpm under a head of 214 ft. (c) At Cedar Rapids a turbine runner
43 in in diameter develops 10,800 hp at 55.6 rpm under a head of 32 fi. (d) At Rock River in lllinots a
‘bine runner 138 in in maximum diameter develops 800 hp at 80 rpm under a head of 7 ft. For each
« compute the specific speed and the value of ¢.

M7 11 is desired to develop 300,000 hp under a head of 49 ft and to operate at 600 rpm. (a) If turbines
wih a specific speed of approximately 150 are to be used, how many units will be required? (b) If
Vramcs turbines with a specific speed of 80 were to be used, how many units would be required ?

b ¢ Cornell University turbine for which the test curves are shown in Figs. 16.11 and 16.12 has a
mamer 27 in in diameter and a maximum efficiency of 88 percent when discharging 38.8 cfs and
Sescloping 550 bhp at 600 rpm under a net head of 1418 fi. Compute n,, ¢,, and C,, assuming

WA s addion to the data of Prob. 16.8, the mechanical-friction losses in the Cornell University
e were measured and found to be 2.7 hp. Assuming that the leakage is 1 percent of the measured
st and that 2, = 90°, find values of e, oy, and B,.

B Vg terbine homologous to that in Prob. 16.8 were made with a runner diameter of 135 in, what

B Se . probable efficiency under the same head?

B e terbine of Prob. 16.8 has a horizontal shaft, and at the time of the test the center line of the

SR s (D87 & above the surface of the water in the tailrace. The discharge edge of the runner at its

S e w083 1t sbove the centerline of the shaft. If the temperature of the water were as high as

WS S peessure = 0.5 psia) and the barometer pressure were 14.6 psia, what would be the value

i ot e y?

BRET TR W sssaemed that the critical value of the cavitation factor for the turbine in Prob. 16.8 is 0.06

S 0 e e s of Prob. 16,11 are used, what would be the maximum allowable height of the

B ol S sbal above the tailwater surface?

‘“ BB L s ull values the same except that the net head on the turbine is 400 ft. What

Sl Shes e e mmtmees aflowable height of the centerline of the shaft above the tailwater level?

WAL The o of the draft tube for the turbine in Prob. 16.8 is 24.5 in in diameter, where it joins the
Beage oF e sl dachurer from the runner, the latter being on a horizontal shaft. The top of the
et sebe a0 A Samge connection s 110 ft above the surface of the water in the tailrace
The Sscharge end of the drall wbe is 42 in in diameter, and the velocity in the tailrace may be
semsiered peghpitie. The total loss i the draft wbe is 0.15 ¥3/2g plus the discharge loss of V3 /2g,
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where subscripts 2 and 3 refer to the top and bottom ends of the draft tube, respectively. When the flow
is 38.8 cfs, what is the pressure at the top of the draft tube?

16.15. Suppose the draft tube in Prob. [6.14 were of uniform diameter, what would then be the
pressure at the top of the tube? How much head is saved by the diverging tube? Assume the draft tube
has a length of 18 ft and /= 0.020.

16.16. This Francis turbine is to produce 9,000 hp at 300 rpm under a net head of 150 fi. If the
mechanical efficiency is 96 percent and the overall efficiency 84 percent, what guide vane angle should
be used? Do not use any plotted data in the solution of this problem. State clearly any assumptions
you make.

"'"‘5' D

1 M .
2._’."_ Guide vane
2

‘ Prob. 16.16

16.17. For 50-cycle electricity how many poles would you recommend for a generator which is con-
nected to a turbine operating under a design head of 3,000 ft with a flow of 80 cfs? Assume turbine
efficiencies as given in Fig. 16.13 and be sure the turbine is free of cavitation.

16.18. It is desired to install a single turbine that will develop 4,200 hp under a head of 247 ft. If a
turbine with n, = 25 were selecled, what rotative speed would you suggest for 50-cycle electricity ? How
many poles do you recommend for the generator? Using Fig. 16.15 and Eq. (14.22) specify the values
of¢,. D, D, B, and x,.

16.19. A Kaplan turbine is to run at 75 rpm and develop 66,000 hp at a head of 50 ft. Assume that for
this particular design ¢, = 1.61 at D, and that B/D, = 0.40. (These values are not identical with those
in Fig. 16.15 because of a difference in the practice of different companies.) Compute the maximum
diameter of the runner and the height of the guide vanes.

16.20. In the test of the Cornell University turbine the pressure at the flange at the entrance to the
spiral-turbine case where the diameter is 30 in was read by a mercury manometer, At a flow of 44.5 cis
the manometer differential reading in the U tube was 9.541 ft Hg; the top of the lower mercury column
being 9.730 ft above the surface of the water in the tailrace. Neglecting the small velocity head in the
tailrace, find the net head on the turbine.

16.21. Francis gave the following dimensions for the turbine (Fig. 16.1) designed and tested by him:
D = 9338 fi, D, = 7987 ft, B = 09990 fi, B, = 1.2300 [t, minimum distance between runner vanes at
exit = 0.1384 1, minimum distance between guide vanes at exit = 0.1467 ft, 40 runner vanes made of
L.in iron plate, 40 guide vanes made of 5-in iron plate. (To avoid pulsating flow, the number of runner
vanes should not be the same as the number of guide vanes or any multiple of them.) From these data
and scaling the drawings, it is estimated that approximately o, = 13", f, = 1687, | = 115 and
a, = 6.65 lt?. At the most efficient speed Francis reported the test data as fi = 13.378 ft. @ = 113 cls,
n=40.3 rpm, bhp = 136.6, and e = 0.797, from which ¢ = 0.672, u, = 19.7 Ips, 1, = 1685 Ips, and
+ 2gh = 29.3 {ps.

Compute (a) specific speed, (b) C,, (¢) €y, (d) B;, and compare with the vane angle ', as measured.
16:22. From the data given in Prob. 16.21, compute (a) v, (b) v, cos f,; (¢) a,; (d) V; (e) percent of
the head lost in the kinetic energy at discharge from the runner. (This turbine was submerged below
tailwater level and had no draft tube.)

16.23. Inthe test of the turbine of Prob. 16.21 at zero speed. h = 13.565 ft and Q = 110.3 ¢fs. (a) Deter-
mine the magnitude and direction of the absolute velocity at discharge from the runner. (b) What
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percentage of the head was the unit kinetic energy at discharge from the runner? (¢) How was the rest
i the head expended?
16.24. In the test of the turbine of Prob. 1621 at runaway speed, h= 13596 f. Q = 995 cfs,
37.7 Ips. uy = 32.3 fps. (a) Determine the magnitude and direction of the absolute velocity at
dscharge from the runner? (b) What percentage of the head was the unit kinetic enérgy at discharge
rom the runner? (¢) How was the rest of the head expended 7 (d) What was the maximum value of ¢?
1625 A small Francis runner (n, = 30. D = 2 fi) is tesied and found to have an efficiency of 0.893
when operating under optimum conditions. Approximately what would be the maximum efficiency of
nologous runner (n, = 30) having a diameter of 6 ft?
626. A 12-fi-diameter reaction turbine is to be operated at 100 rpm under a net headof96 ft. A 1: 8
el of this turbine 1s built and tested in the laboratory. If the model is operated at 450 rpm, under
=hat net head should 1t be tested to simulate normal operating conditions in the prototype?

e

A |:8 model of a 12-fi-diameter turbine is operated at 600 rpm under a net head of 54.0 ft.
this mode of operation the brake horsepower and Q of the model were observed to be 332 and
espectively. (a) From the above data compute the specific speed of the model and the value of

Calculate the efficiency and shaft torque of the model. (¢) What would be the efficiency of the

mmeter prototype? (d) The prototype is to operate at 144 rpm under a net head of 200 fi. Find
W horsepower output of the prototype and the flow rate.

W Would you expect problems with cavitation in the above mentioned prototype of part (d) if #

mene st S ft above tatlwater elevation?

MI% The Grand Coulee turbines have runner diameters of 197 in. The height of the guide vanes is
4375 in The diameter of the throat of the runner and also the diameter of the draft tube adjacent to

are 172 in. Each turbine is rated at 150,000 hp under a head of 330 ft at 120 rpm. Al this

sewer the efoency 1s 89 percent and the absolute velocity of the water entering the runner is 77.2 fps.
sie (=) rated specific speed: (B) ¢; (¢) C,: (d) C,: (e) 2, and B, for this full gate opening.

BN The wrbines of Prob, 16.29 have a maximum cfficiency of 93 percent at 125,000 hp under a head

- W s The axial component of velocity at the top oflhe draft tube 1s 23 [ps, and ifit 1s

= that at this normal load the angle of whirl in the dralt tube is 7', which is good practice, some

semptions will lead to an estimate of (r, /r, )C, cos a, = 0.013. Compute (a) normal specific speed;

b cos 2, assuming hydraulic efficiency = 94 percent; (d) =, and f8, for normal power; (e)

flow reaction turbine has the following characteristics: A, = a, = 40 in”, a, = 28 in".

i 0 g . 82 r_ 10 im, r, =35 in, f, = 140°, B, = 155°. Assume shockless entrance and
3. =W Fmod 1hc ative speed under these conditions. Find also the torque, the brake
e L ’c.:d .md the value of C,. Assume ¢, = 0.75.

B e = 1o be installed where the net available head is 185 ft, and the available flow will
B SR W Rt tvpe of turbine would you recommend ? Specify the operating speed and number

W sl for Sioyele electricity if a wurbine with the highest tolerable specific speed that will
B caviation is selected. Assume the turbine is set 5 ft above tailwater. Assume turbine
S pevcent. Approximately what size of runner is required ?

T permissible head under which in axial-flow turbine (n, = 160) can operate if
Siwaser. The mstallation is at elevation 3,150 fi, and the water temperature is 65°F,

W Seerie speeds for the various turbines for which data are given in Sec. 16:16.
wstalled at a point where the available head is 175 t and the available flow
of turbine would you recommend ? Specify the operating speed and
icity il & turbine with the highest tolerable specific speed to
) t Assume static draft head of 10 It and 90 percent turbine
w S 8at soe of turbine runner is required ?
B T e S of Prob 1635 select a set of two identical turbines to be operated in parallel.
Nt e puemd 4nd 2w of 1he
BT R e sl mumber of identical turbines that can be used at a powerhouse where the
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available head is 1,200 ft and Q@ = 1650 cfs? Assume turbine efficiency is 90 percent and speed of
operation 138.5 rpm. Specify the size and specific speed of the units.

16.38. Select two, four, and six identical turbines for an installation where h = 400 ft and total
Q = 300 cfs. Develop 60-cycle electricity using either 36- or 72-pole generators. Be sure your selection
is safe from cavitation.

16.39. Determine the approximate values of the specific speeds of the Kisenyama pump turbines when
operating as a pump and when operating as a turbine.




CHAPTER

SEVENTEEN

CENTRIFUGAL AND
AXIAL-FLOW PUMPS

I7.1. DEFINITIONS

The centrifugal pump is so called because the pressure increase within its rotor
$ue 4o centrifugal action is an important factor in its operation. In brief, it consists
of &n mspeldler rotating within a case, as in Fig. 17.1. Fluid enters the impeller in
e cemtral portion, called the eye, flows radially outward, and is discharged
s the entire crcumierence into a casing. During flow through the rotating
-ﬁ- the Busd receives energy from the vanes, resulting in an increase in both
s absolute velocity. Since a large part of the energy of the fluid leaving
# = kimetic, it is necessary to reduce the absolute velocity and transform
e o of this velocity head into pressure head. This is accomplished in
surrounding the impeller (Fig.17.1) or in flow through diffuser
172} The velocity vectors at entrance to and exit from the vanes of a

pr ave shown in Fig. 6.11.
SERCTIOn turbine, the demand for greater capacity, without increas-
#0 obtam it, resulted in an increase in the dimensions parallel to
uqu:rcd an increase in the eye diameter to accommodate
S Seesssponding change in the vanes at entrance, resulting in
glier whose specific speed is higher than that of a radial-flow

¥ rease in specific speed is obtained with the propeller, or
@ Fig 61356 In this type there is no change in radius of a given

503
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Figure 17.1. Volute centrifugal pump.

Stationary
< vanes

Figure 17.2. Diffuser (or turbine) pump. This il-
lustration is not typical of modern practice and
would be found only in large pumps where the
diffuser vanes are needed for structural reasons.
In modern turbine pumps the diffuser vanes are
three-dimensional as i Fig. 174 and cannot
readily be shown in a drawing.

streamline, and hence centrifugal action plays no part. However, the theorem of
angular momentum applies alike to all types.

The principles of this chapter apply equally to fans and blowers as well as to
centrifugal pumps providing there is only a small change in density of the air
or other gas.

17.2. CLASSIFICATION

Centrifugal pumps are divided into two general classes: (1) volute pumps and (2)
diffuser, or turbine, pumps. In the former the impeller is surrounded by a spiral
case, as in Fig. 17.1, the outer boundary of which may be a curve called a volure.
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The absolute velocity of the fluid leaving the impeller is reduced in the volute
casing, with a resultant increase in pressure. In the diffuser pump, shown in Fig.
17.2, the impeller is surrounded by diffuser vanes which provide gradually enlarging
passages to effect a gradual reduction in velocity. Because of the superficial resem-
blance to a reaction turbine, this type is often called a turbine pump. However, it is
still a centrifugal pump. These diffusion vanes are usually fixed or immovable, but
in a very few instances they have been pivoted like the guide vanes in a turbine in
order that the angle might be changed to conform to conditions with different
rates of flow.

Centrifugal pumps are also divided into single-suction pumps, as in Fig. 17.3,
and double-suction pumps. The latter have the advantage of symmetry, which
deally should eliminate end thrust. They also provide a larger inlet area with
swer intake velocities than would be possible with a single-suction pump of the

me outside diameter of the impeller.

L1 types of pumps may be single-stage or multistage. With the latter, two or
re identical impellers are arranged in series, usually on a vertical shaft. The
sntity of flow is the same as for one alone, but the total head developed by the

: the product of the head of one stage times the number of stages.

4 very special type is the deep-well pump of Fig. 17.4. Since this must be
talled in a well casing of limited size, the total diameter of the pump assembly
muwst be relatively small, and thus the impellers are even smaller in diameter.
Secause of the small diameter of the impeller, the head developed is not very great

of Ingersoll-Rand.)
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Figure 17.4. Deep-well multistage mixed-flow turbine pump. (Courtesy
of Byron Jackson Company.)

in one stage, and so for a deep well it is necessary to have a number of stages in
order to lift the water to the desired height.

Since the casings, or bowls, of the deep-well pump are usually concentric and
are not volutes and the water must be led from the discharge from one impeller
into the eye of the next, it is customary to employ diffusion vanes in the intevening
passages.

Figure 17.5 shows the impeller for Fig. 17.4. It is of the mixed-flow type and is
also an open, or unshrouded, impeller. The stationary casing forms one boundary
wall for the rotor passage, which necessitates the vanes having a small clearance
with the casing. By contrast Fig. 17.6 shows a shrouded impeller for another deep-
well pump, and in this the rotor passages are completely enclosed as in Fig. 17.3.
Open impellers are used where the material being pumped is likely to clog the
passages ol a shrouded impeller.
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Figure 17.5. Open, or unshrouded, |
impeller for pump of Fig. 17.4.

(Courtesy of Byron Jackson

Company.)

Figure 176. Shrouded mixed-flow
impeller for deep-well pump. (Courtesy
of Byron Jackson Company.) ‘

"5 SIZE AND RATING OF PUMPS |.

I 40 sxpress the size of a pump by the internal diameter of the flange
peabably because this indicates the size of the discharge pipe that
el TR gees mo indication as to the size of the impeller, which is in

S S Sarieme practice, where the impeller diameter is usually given.

S e maed By s capacity (ie., discharge) and head at the point of
sarene sSeemes for @ given rotative speed. Of course, both these values
Semenl gpee ahe spesd that s specified. These values will be referred to as the
el Caoumeate el the mormal head for that speed.
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17.4. HEAD DELIVERED

The mode of operation of a pump depends on the system in which it is operating.
The pump characteristic curve (Fig. 17.7) shows the relation between the head
developed by the pump and its rate of discharge when the pump is operating at a
given rotative speed. If the pump is delivering fluid through a piping system with
a static lift Az, the head that the pump must develop is equal to the static lift plus
the total head loss (proportional approximately to Q?). The system characteristic
curve shows the relation between the required pumping head and the flow rate in
the pipe line. The actual pump-operating head and flow rate are determined by
the intersection of the two curves.

The particular values of h and Q determined by this intersection may or may
not be those for the maximum efficiency of the particular pump. If they are not,
this means that the pump is not exactly suited to the specific conditions. Further
discussion of the behavior of pumps and their relationship to the systems in which
they operate is presented in Sec. 17.14.

In the test of a pump the head is determined by measuring the pressures on
both the suction and discharge sides of the pump, computing the velocities by
dividing the measured discharge by the respective cross-sectional areas, and
noting the difference in elevation between the suction and discharge sides. The net
head h delivered by the pump to the fluid is

Pa W\ (B
h=H,—H,= (}_ + 2% + z,,) (}‘ + % +z,) (17.1)
where the subscripts d and s refer to the discharge and suction sides of the pump,
as shown in Fig. 17.8. If the discharge and suction pipes are the same size, the
velocity heads cancel out, but frequently the intake pipe is larger than the
discharge pipe. It should be noted that h, the head put into the fluid by the pump,
was previously referred to as h, in Sec. 4.6.

The official test code provides that the head on a pump be the difference
between the total energy heads at the intake and discharge flanges. However, flow

Figure 17.7. Pump and pipeline.
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¥

R Pe i_- lt Datum
~ ¥l
1

i

s ITA Head developed by pump. In this case p_/y is negative.

e

the discharge flange are usually too irregular for accurate pressure
i & & more reliable to measure the pressure at 10 or more pipe
fom the pump and to add an estimated pipe friction head for that
the intake side, prerotation sometimes exists in the pipe near
il cause the pressure reading on a gage to be higher than the

e a1 that section,

I

B commonly used definitions of specific speed given in
L - m

( ne/
B and N =To/SPD (17.2)

L h“ /4

for maximum efficiency and N, = 21.2n,. Pumps

B | S per minute; hence N, is the more commonly
ihe one referred to in this text. Computed values

p throughout its entire operating range from

{and maximum discharge) would give values from
valoe that has any real significance is that

of head, discharge, and speed at the point of

#eaction turbine, the numerical value of the specific speed
3 On the gallons-per-minute basis specific speeds for
range from 500 to 5,000, for mixed-flow pumps from
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4,000 to 10,000, and for axial-flow pumps from 10,000 to 15000 as approxi-
mate limits.

For a double-suction pump it is customary to base the specific speed on
one-half of the total capacity of the pump, on the assumption that a double-
suction impeller is the equivalent of two single-suction impellers placed back to
back.

Hllustrative Example 17.1. (a) It is desired to deliver 1,600 gpm at a head of 900 ft with a single-
stage pump. What would be the minimum rotative speed that could be used?
Assuming that the minimum practical specific speed is 500, we get

N B 500(900)%* .
n,= B f—_] = 2060 rpm
+/ Epm +/ 1.600
(b) For the conditions of (a), how many stages must the pump (N, = 500) have if a rotative speed
of 600 rpm is to be used?

s _nl\_/_ng 5 600,/1.600 _

P = s e
N, 500
or h = 175 ft per stage
Hence 198 =514 (6 stages are required)

To meet the exact specifications of head and capacity. either the rotative speed or the specific speed or
both could be changed slightly.

Ilustrative Example 17.2. (a) Determine the specific speed of a pump that is to deliver 2,000 gpm
against a head of 150 ft with a rotative speed of 600 rpm.

s uﬂjg_pm_ﬁm\'lﬂm_
s B3+ N “50}34 =

(b) If the rotative speed were doubled, what would be the flow rate and the head developed by
this pump? Assume no change in efficiency.

Eq. (14.16): Qo n s0 Q=2 x 2,000 = 4000 gpm
Eq. (14.15): hocn? soh =22 x 150 = 600 fi
(¢) Check the specific speed for the conditions given in (b).

_ 1,200,/4.000
= e = 625
(600)*

1

This result was expected, for the same impeller was involved in (a) and (b).
{d) Find the required operating speed of a two-stage pump (N, = 625) to satisly the requirements
in (a).

n, = 356 rpm
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17.6. CHARACTERISTICS AT CONSTANT SPEED

Though some centrifugal pumps are driven by variable-speed motors, the usual
mode of operation of a pump is at constant speed and typical characteristics of a
centrifugal pump for such operation are shown in Fig. 17.9. The head-versus-
discharge curve' may be transformed into that for some other speed by means
of the similarity laws (Q = n and h o n*); however, the efficiency of the pump
drops off as the rotative speed is moved away from the optimum speed. To
Jlustrate this point, the head-versus-discharge curves for a certain centrifugal
sump at several different rotative speeds as determined by laboratory test are
slotted in Fig. 17.10 together with contours of equal efficiency. Thus, we see that
»* optimum operating conditions this pump will deliver 700 gpm against a head of
120 # at a rotative speed of 1,450 rpm. The important feature shown in Fig. 17.10
W that if a pump is not operating near the optimum point, its efficiency drops off,
Sepending on how far the mode of operation is from optimum.

* & wmale curve applicable 1o a family of homologous pumps of different sizes operating at different
Spemih cua be developed by plotting h/nD? versus Q/nD>.

D=135in BH R J
B=175in ¥

= Heaq 4, e = L .
I D; =75in" D D,
Mor—a: ~23d 1 vanes
T N N.=1885 ‘? e
=
| \
TS i + 4 _’—lJ

-

A

e

2 ' A
g | A\
W \
o
Y !7, | Constant speed \\
|E 1,450 rpm h \
1S | . N\
= | [
1 1 ! ;I | 1
1200 1,600 2,000 2400 2B00 3200
Capacity, gpm

of 2 centrifugal pump at constant speed.
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Head h, ft

Flow rate @, gpm

Figure 17.10. Characteristics of a centrifugal pump at various speeds of rotation with contours of
equal efficiency.

By different impeller and casing designs it is possible to vary the character-
istics, as shown in Fig. 17.11; each one has special advantages for particular
conditions. Thus a flat characteristic permits a considerable variation in the rate of
discharge with but very little change in head, while a steep characteristic gives only
a small variation in the flow for a relatively large change in head.

The axial-flow pump has a much steeper head-capacity curve than does any
centrifugal pump, and instead of the power at shutoff being a minimum, as for the
centrifugal pump, it not only is a maximum but is very much larger than the
power required at the point of maximum efficiency. This is a disadvantage both in
starting up and in continued operation at low capacity. The characteristics of the
axial-flow pump shown in Fig. 17.11 are for the fixed-blade type. In a few in-
stances this type of pump is made with adjustable blades similar to the runner of
the Kaplan turbine, and the blades can be adjusted during operation to suit
conditions.
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% of capacity at maximum efficiency

Sharsctenistics for different types of centrifugal and axial-flow pumps.

-
W& 15e fluid to be pumped is operated at normal speed with
sl the head developed is called the shutoff head. Ideally,
B 00 Be & case of a forced vortex with a pressure-head difference
hpu’tphcr\ of the impeller of (u3 — uz);“Zg However, it is

sugh there is no flow delivered, there is a great deal of
& smpeller, which causes a rotation of the fluid in the eye of
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the impeller and for a distance of several pipe diameters in the intake pipe. The
result of this prerotation is that the actual shutoff head is approximately given by
u3 /2g. However, the flow conditions are so complex that any precise theoretical
analysis is out of the question. It is known that the actual shutoff head is affected
by the value of the impeller-vane angle at exit, by the design of the case, and even
by the nature of the intake, since the latter has some influence on the prerotation.
Thus, in one instance. where the same impeller was tested at the same speed but
with several different types of intakes, the shutoff head ranged from 240 to 282 ft.

17.8. ENERGY LOSSES IN PUMPS

The design of a pump is a specialized field which is beyond the scope of this text.’
The discussion presented here is to enable one to understand those characteristics
of pumps that should be of value to users of pumps. In Sec. 6.9 it was shown that
the torque exerted on the fluid by the impeller of a centrifugal pump (Fig. 6.11) is
given by

T = pQ(r, V, cos 2, —r, V, cos ;) (17.3)
By setting T x w = yQh", we find the head k" imparted to the fluid by the impeller
of the pump is given by
_ YaVaicona; —uy by 008

g

The net head h [Eq. (17.1)] may be expressed as

h=H —h, (17.5)

W (17.4)

where h, represents the hydraulic head loss in the flow through the impeller. An
expression [Eq. (6.23)] for h, was derived in Sec. 6.11. Combining Eq. (6.23) with
Egs. (17.1) and (17.5) gives
ui —ui Vi-vi ov}-u}
— & = + e ——r
29 29 29

The first term of this expression is the increase in pressure due to centrifugal

action, the second term is the increase in kinetic energy, and the third term shows

the gain or loss of pressure in flowing through the impeller passages according to
whether the areas are such that the relative velocity decreases or increases.

The head loss h; has several components. First of all, as water enters the vanes

of the 1rnpcl_]cr. there may be a shock loss due to turbulence because of an im-
proper relative-velocity angle at vane inlet. This loss is relatively large at low and

(17.6)

! For detailed methods of design see A. J. Stepanoff, “ Centrifugal and Axial Flow Pumps,” 2d ed.,
John Wiley & Sons, Inc, New York, 1957.
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Figure 17.12. Effect of circulatory flow at
1 wvane exit. The solid vectors are ideal with

V. cOS & 3 angle of efflux f, = blade angle f,. The
e B dashed vectors show the actual values of
o B, and 2,,

at high flow rates; it grows smaller as optimum operating conditions are ap-
proached and is almost nonexistent at optimum conditions. The second loss is
that of fluid friction in the passages between the vanes. This loss varies approxi-
mately as Q2. The third loss is due to circulatory flow at discharge from the
impeller created by the difference in pressure on the two sides of each vane. This
results in a decrease in the velocity along the working face of the vane and an
increase in relative velocity on the back face of the vane. The result of this unequal
velocity distribution is that the average angle f, of the fluid leaving the mlpulu Is
greater than the vane angle £ (Fig. 17.12). Thus the full value of V, cos x, is not
achieved. This component of the hydraulic head loss changes very little with ﬂou
rate.

In addition to these hydraulic head losses the efficiency of a pump is reduced
by bearing and packing [riction and by disk friction as well as by the effect of
leakage as described in Sec. 14.1. A typical relationship among these various
losses is shown in Fig. 17.13.

h
~ Shaft power = 1’—:‘)
Mechanical Qh
losses _ Power transmitted to impeligr = 2
| / i-
| | / ~ Power transmitted 1o
Leakage | the water = yQh
losses
Hydraulic

Power

losses

Shock loss at entrance
' Fluid friction

Circulatory loss at exit

Discharge

Figure 17.13. Disposition of in a pump operating at variable head and constant speed




516 FLUID MECHANICS WITH ENGINEERING APPLICATIONS

17.9. CAVITATION

An important factor in satisfactory operation of a pump is the avoidance of
cavitation, both for the sake of good efficiency and for the prevention of impeller
damage (Secs. 4.8 and 16.13). For pumps a cavitation parameter has been defined
as

= Polun/7 + F;fﬁa — Poly (17.7)

where subscript s refers to values at the pump intake (ie, suction side of the
pump), h is the head developed by the pump, and p, is the vapor pressure. As the
latter is normally given in absolute units, it follows that p, must also be absolute
pressure.

With a long straight inlet pipe it may be possible to measure p, with precision
and to compute an accurate value of the mean V, from the continuity equation.
But where prerotation exists or a fitting, such as an elbow, precedes this section by
a short distance, neither of these values can be accurately determined. It is then
preferable to write the energy equation between the surface of the liquid source
and the pump intake (Fig. 17.8). Thus, using absolute pressures,

(p,)

(Po)xx ye
Pohts _ j g g Lalebe | —s
¥ = e

where z, is the elevation of the pump intake above the surface of the liquid, as in
Fig. 17.8, and (po).s, is the absolute pressure upon that surface. If the liquid is
drawn from a closed tank, this pressure could be either greater or less than the
atmospheric pressure. Making this substitution in Eq. (17.7),

o Bodnfr=Blr =5 e e

The critical value o, is that at which there is an observed change in efficiency
or head or some other property indicative of the onset of cavitation. The value will
depend not only upon what criterion is used, but also upon the conditions of
operation. In Fig. 17.14 is shown an experimental curve where the total head and
capacity were kept constant while the intake pressure was decreased, resulting in a

90
1 5
v A
> /’ :
CEmal e
: g,
u |
|
70 l :
a, Figure 17.14. Effect of varying the

Values of & cavitation parameter.
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decrease in o. The critical value is fixed by the point where the efficiency was found
to drop. A different value of o, would be found for a different capacity. For safe
operation it is desirable to operate at values above the critical for the capacity
involved. The critical value g, for any specified operating condition depends upon
the design of the particular pump, and in any important installation it should be
determined experimentally upon a model.

Since cavitation is determined by conditions at entrance to the impeller and
not by those at discharge, an expression has been devised known as suction specific
speed, which is analogous to the usual specific speed except that the net head is
replaced by the total suction head above the vapor pressure head. This is the
numerator of either Eq. (17.7) or (17.8) and is designated as NPSH, which stands
for net positive suction head. The suction specific speed is then

§= n,/gpm

= NPSH"

For a double-suction pump the total capacity should be divided by 2 for the
determination of S.

Inasmuch as the critical value o, has been found to depend upon both the
usual specific speed and the suction specific speed, there has been devised the
relation

4/3

h S

which is obtained by eliminating n\/ﬁ'l between the expressions for N, and S.In

order to obtain o, it is necessary to use the critical value of NPSH in evaluating §.
Critical values of the cavitation parameter vary with the design of the pump,

but typical approximate values for g, are 0.05 for a specific speed of N, = 1,000,

0.10 for N, = 2,000, and 0.30 for N, = 4,000. For values of N, greater than 4,000

the Hydraulic Institute recommends that the value of S should be less than 8,140.
Introducing the critical value of ¢ into Eq. (17.8), we obtain

(6o = 20 Py (17.10)
Y ¥

which will give the maximum allowable elevation of the pump intake above the
surface of the liquid. It is apparent from inspection of Eq. (17.10) that, to ensure
freedom from cavitation, the pump should be set lower, particularly if (a) it is to be
operated at a high elevation above sea level, (b) the total head developed is
increased, (¢) the specific speed for a given head is increased, or (d) the vapor
pressure of the liquid is increased.

If the value of (z,),,,, determined by this equation is negative, it indicates that
the pump must be placed below the surface of the liquid. Recommended limiting
heads for the prevention of cavitation for single-stage, single-suction pumps as a
function of specific speed and suction lift (the elevation difference between the
energy line at suction and the eye of the impeller) are given in Fig. 17.15.
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Figure 17.15. Recommended limiting heads for single-stage, single-suction pumps as a function of
specific speed and suction lift. At sea level with water temperature of 80°F,

Hlustrative Example 17.3. In the accompanying figure is shown the eflect of net positive suction
heads at intake (also expressed as vacuums) on the operating characteristics of a double-suction
centrifugal pump as determined by experimental test at sea level. At the point of maximum efficiency
the critical value of NPSH is 10.4 fi. Determine the value of ¢, for this pump, and find where the
pump should be set to assure against cavitation for this operating condition. Assume that the friction

Head

Double-suction pump z

impeller diameter=16 in 3

n=1450 rpm 1.'
> &

NPSH in ft :ﬂ:

Vacuums at intake in in Hg —-25'\

Capacity

Hlustrative Example 17.3
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loss in the intake pipe is 3 fi.

1,430, /600/2
\ Y =6l

(140)

J.-“?‘*[J\ 600,2
= 4,330
(10.4)%4

From this, o, = (617/4,330)** = 0.0745. By direct computation, using Eq. (17.8),

10.4
0. = 0.0743
140

which is a close check. The fact that this eritical value is larger than the typical value indicated in the
text for such a low specific speed merely emphasizes the fact that variation in design will give values
which differ from the norm.

As this particular pump was tested at sea level and with cold water, it may be assumed that
(Po)uw/y = 34 ftand p /y = 1 ft. Assuming the friction losses in the intake piping to be 3 fi, employing
Eq. (17.10), we get (z,),.. = 34 — 3 — 0.074(140) — 3 = 19.6 ft, which would be the maximum allow-
able elevation above the surface to avoid cavitation at this one operating point. If it is desired to
avoid cavitation at any point, even for maximum discharge, the test results in the figure show that
NPSH should be about 33 ft. In this case (z,),,, = 34 — 1 — 33 — 3 = =3 ft, which means the pump
should be submerged by that amount to be safe from cavitation. It is doubtful, however, that the
pump would be operated close to maximum discharge as its efficiency would be very low at that point

Brake horsepower and head

Figure 17.16. Ceniriugal D SR S
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17.10. VISCOSITY EFFECT

Centrifugal pumps are also used to pump liquids with viscosities different from
that of water. Figure 17.16 shows actual test curves of performance for the very
extreme range, from water to an oil with a kinematic viscosity 3,200 times that of
water. It is seen that, as the viscosity is increased, the head-capacity curve becomes
steeper and the power required increases. The dashed line indicates the maximum
efficiency points for each viscosity curve. It is seen that both the head and the
capacity at the point of maximum efficiency decrease with increasing viscosity. As
these are accompanied by an increase in the brake horsepower, there is a marked
decrease in efficiency.

17.11. EFFICIENCY

Figure 17.17 presents what are believed to be approximate optimum efficiencies
of modern pumps of large capacity. The figure also shows typical runner profiles
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Figure 17.17. Optimum efficiency of pumps as a function of specific speed.
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Figure 17.18. Efficiency of commercial pumps as a function of capacity.

for a few specific speeds. It is seen that there is a gradual merging of one type
into another, and so the dashed line indicates the probable maximum values in
these border zones. These curves do not necessarily represent absolute maximum
values nor is it to be expected that all pumps will attain efficiencies as high as
shown, since these efficiencies apply to pumps of large size whose design and
construction has been done with great care. Generally, the larger the pump the
higher the attainable efficiency. In Fig. 17.18 are shown typical efficiency curves
for normal commercial pumps as a function of capacity.

For most purposes the specific speed of a double-suction pump is computed
by using one-half of the total capacity, and this is especially necessary in con-
sidering conditions at entrance to the impeller and with regard to cavitation.
But the efficiency of a pump is largely determined by the conditions at exit from
the impeller and in the casing and is practically unaffected by subdividing the inlet.
Hence, for efficiency diagrams such as Figs. 17.17 and 17.18, the specific speed
for double-suction pumps is based on the total capacity.

The relation between the efficiency of a model pump and its prototype can be
estimated with reasonable accuracy through application of the Moody formula for
turbines [Eq. (16.4)].

17.12. NORMAL CAPACITY

The discharge from zo» t:7¢ o7 impeler (Fig. 17.19) may be found by multiplying
the outlet area by =z wzixt Twe aqza that is most readily computed is the
circumferential zrcz “>7 rac.a -%ow .mpellers and corresponding areas for other
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Figure 17.19. Nomenclature for pump factors and proportions. (a) Radial flow. (b) Mixed flow. (¢) Axial
Zcw o Dennition of f;. (Note: In the radial-flow pump, the extreme diameter D, is the same as
the mean exit diameter D. In the axial-low pump, D = D, — B and the eye diameter D, = D, )

types. It is frDB, where fis a factor to allow for the space taken up by the vanes.
This area is to be multiplied by the component of velocity that is normal to it,
which is the radial component for the pure centrifugal impeller, or the axial
component for the propeller type, or in general for all types the meridional
component. which we shall designate at discharge by V. Then the discharge of
racigi-low and mixed-flow pumps is given by frDBV, . This meridional com-
ponentis proportional to u, or to ﬁgh, but the exact relationship must be deter-
mined by experience.

The ratio of ¥, to u, depends primarily upon the specific speed but is also
affected by the vane angle at exit, the number of vanes, and the casing design. Thus
the same impeller might be used in different sizes of case and give a different
normal rate of discharge in each.

17.13. PROPORTIONS AND FACTORS

Figure 17.19 shows the nomenclature to be used, and Fig. 17.20 shows some basic
ratios and factors for pumps with a specific speed range of 500 to 15,000. These
particular values are not the only ones which may be used, for each manufacturer
will have values based upon experience that apply to the particular designs
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.mployed. However, the values shown in Fig. 17.20 are typical; data from various
ources will lie either on these curves or reasonably close to them, and they do
sow the trend as a function of specific speed.

Ilustrative Example 17.4. A pump that will deliver 84,500 gpm against a head of 225 ft when
acrating at 600 rpm is desired. Determine the specific speed of this pump and its approximate
mensions.

600,/84,500

N = ) = 3,000

: (225)*+

~wume ff;, = 155 . so that Fig. 17.20 is applicable. From Fig. 17.20, ¢, = 1.1 at diameter D. Hence
= ].l\/Zgh = 132.5 fps. From Eqg. {1422)

RS

D= ot T 422t =507 in
600
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F Fig. 17.20 D°—107 B—OISS
rom Fig. 17.20, p = Do—.
D v,
‘=06 —=0.15
DG uD
Hence D, =107 x 50.7 = 54.3 in

B=0.155 x 543 =8.42 in

The eye diameter is
D,=06x543=3261n

A~ an exercise it is suggested that the reader make a sketch of this impeller similar to those of
Fig 17.19. The peripheral velocity of the impeller at D, is

D, =107 x 132.5 = 142 fps
(V.); =0.15 x 142 = 21.3 fps

50.7
Circumferential area = 0.951 x Taa x 8.42 = 8.85 ft?

0= AgcumVo), = 885 x 21.3 = 188.5 cfs = 84,500 gpm

w ot cheeks the initial value.

17.14. PUMP AND SYSTEM CHARACTERISTICS

For a particular situation a pump (or pumps) should be chosen so that under
normal conditions of operation the speed and capacity are such that operation is
occurring close to peak efficiency. If this is not the case, energy will be wasted and
the operation will be uneconomic.

The choice of a pump (or pumps) for a particular situation is complicated by
the large number of alternatives that are possible. First of all, there are many
2 Terent designs of pumps with a variety of specific speeds (Fig. 17.21a). By chang-
:mg the speed of operation of a particular pump (Fig. 17.21b) its operating charac-
teristics can be changed. Also, selecting from among different-sized homologous
pumps (Fig. 17.21c) will provide a variation in characteristics. In addition, differ-
ent speeds of operation can be used with various sizes of homologous pumps as in
Illustrative Example 14.1. Under certain conditions it may be advantageous to
install pumps in series (Fig. 17.21d) or in parallel (Fig. 17.21e). When pumps are
installed in series or parallel it is very important that they have reasonably similar
head-capacity characteristics throughout their range of operation; otherwise, one
~ump will carry most of the load and, under certain conditions, all of the load,
with the other pump acting as a hindrance rather than a help. In fact, in parallel, if
the operating characteristics of the pumps are quite different, a condition of
backflow can occur in one of the pumps. Finally, one must always be sure that the
selected pump (or pumps) will not encounter cavitation problems over the full
range of operating conditions.

The mode of operation is best determined by plotting the pumping character-
istics and the pipe system characteristics on the same diagram (Fig. 17.7); the
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Figure 17.21. Pumping alternatives: (a) Different pumps with different characteristics. (b) A particular
pump at different speeds. (c) Homologous pumps of different size. (d) Two identical pumps in series.
(e) Two identical pumps in parallel. (Note: in series or parallel the pumps need not be identical,
but their operating characteristics should be close to one another.)

point at which the two curves intersect gives an indication of what will take place.
Generally, one can choose between changing the speed of a given pump or select-
ing a particular size of homologous pump in order to obtain the proper character-
istics. The latter is usually preferable because pump efficiency tends to decrease
rather rapidly as the speed is changed from the optimum (Fig. 17.10). Several
aspects of the relationship between pump and system characteristics are
demonstrated in the following example.

Iustrative Example 17.5. Two reservoirs A and B are connected with a long pipe which has
characteristics such that the head loss through the pipe is expressible as i, = 20Q? where h_ is in feet
and Q is the flow rate in 100’s of gpm. The water surface elevation in reservoir B is 35 ft above that in
reservoir A. Two identical pumps are available for use to pump the water from 4 to B. The charac-
teristic curve of the pump when operating at 1,800 rpm is given in the following table.

Operation at 1,800 rpm

Head (ft) Flowrate {gpm)
100 0
90 110
80 N0
60 250
40 N

20 <
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Two pumps
200\\/ in series
~ Pipe system curve
h =35 + 20Q°
~N
150 N /
/¥~ Pipe system curve
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~
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Mustrative Example 17.5

At the optimum point of operation the pump delivers 200 gpm at a head of 75 ft. Determinz ~"e;
specific speed N of the pump and find the rate of flow under the following conditions: (a) A ~:m g2
pump operating at 1,800 rpm; (b} two pumps in series, each operating at 1,800 rpm: (¢) two pump-
parallel, each operating at 1,800 rpm. The head-capacity curves for the pumping alternative~ -
plotted and so is the /1, versus Q curve for the pipe system. In this case h = Az + h, = 35 + 200" T°
answers are found at the points of intersection of the curves. They are as follows: (a) single p.
156 gpm; (b) two pumps in series, 224 gpm; (c) two pumps in parallel, 170 gpm.

If A- had been greater than 100 ft, neither the single pump nor the two pumps in parallel w ..~
“ave delivered any water. If Az had been —20 ft (i.e.. with the water surface elevation in reservoirr £
‘eet below that in A), the flows would have been: (a) 212 gpm; (b} 258 gpm; and (c) 232 gpm.

17.15. INSTALLATIONS

A few examples of pump construction and installation will be presented as 1l:
trations of modern practice.

The Byron Jackson Company has built pumps with as many as 54 staz
Water has been lifted to heights of several thousand feet by multistage pur;
Ingersoll-Rand produced a 6-in 10-stage pump operating at 3,750 rpm wt
delivers 1,600 gpm at a head of 6,000 ft, the shutoff head being 7,000 ft. T
Worthington Corporation installed a pump at Rocky River to deliver 279.5 ¢
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a head of 238.84 ft and running at 327 rpm. The brake horsepower was 8.239.
giving an efficiency of 91.7 percent. The impeller diameter was approximatel:
7.54 ft, and the width at outlet approximately 0.72 ft, with an eye diameter of
4.24 ft.

On the Colorado River Aqueduct the Worthington Corporation built three
pumps for the Hayfield plant to deliver 200 cfs each at a head of 444 ft when
running at 450 rpm and three similar pumps for Eagle Mountain with a head of
440 ft. The impeller diameters are approximately 81.6 in, and the eye diameters
34 in. The Byron Jackson Company built three pumps for the Gene plant to
deliver 200 cfs each at a head of 310 ft when running at 400 rpm. The impeller
diameters are 78 in. At the Intake plant, where the head is 294 ft, the impeller
diameters are 76 in. The Allis-Chalmers Company built three pumps for the Iron
Mountain plant to deliver 200 cfs each at a head of 146 ft when running at
300 rpm.

A typical moderate-sized large-capacity pumping plant is that at Cartersville,
Georgia where the Johnston Pump Company installed a two-stage mixed-flow
vertical-shaft pump that delivers 95,000 gpm against a head of 95 ft when operating
at 394 rpm. At Marineland of the Pacific in Palos Verdes, California three-stage
Johnston vertical turbine pumps are used to pump salt water to tanks housing
marine life. Because of the corrosive action of the sea water the pump bowils are of
iron with vitreous enamel coating. All moving parts that come in contact with the
sea water are constructed of corrosion-resistant material.

A noteworthy pumping project is that at Grand Coulee on the Columbia
River, for which pumps have been built by the Byron Jackson Company and the
Pelton Water Wheel Company jointly., The head and capacity for the point of
maximum efficiency have been given in Prob. 17.7, but the pumps may also
operate at a head as low as 270 ft and discharge 1,650 cfs, at which point they
require approximately 60,000 bhp.

The Allis-Chalmers Company has built a combination reversible pump-
turbine for the Hiwasee plant of the TVA, which as a pump will deliver 3,900 cfs at
a head of 205 ft at the point of maximum efficiency while requiring approximately
100,000 bhp. The impeller diameter is 266 in, and it runs at 105.9 rpm. The maxi-
mum capacity is 5,200 cfs at 135 ft head.

In Italy is a pump built in Switzerland which discharges 250,000 gpm, or
558 cfs, at a head of 787 ft at 450 rpm. It requires 62,000 bhp.

A hot-oil pump to deliver 875 gpm at a head of 8,600 ft with 19 stages has
been built by the Byron Jackson Company; this is one of the highest-head pumps
in existence.

One of the world’s largest pumping installations is the Edmonston Pumping
Plant of the State of California water project. This plant lifts water over the
Tehachapimountains. At this plant there are 14 four-stage vertical-shaft centrifugal
pumps. Each is capable of delivering 315 cfs against a head of 1,970 ft when
rotating at 600 rpm. Their maximum efliciency is about 92 percent. The maximum
energy requirements for this plant are approximately 6 x 10° kilowatt-hours per
year.
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PROBLEMS

17.1. The diameter of the discharge pipe of a pump is 6 in, and that of the intake pipe is 8 in. The
pressure gage reads 30 psi, and the vacuum gage at intake reads 10 in Hg. If Q@ = 3.0 cfs of water and
the brake horsepower is 35.0, find the efficiency. The intake and discharge are at the same elevation.

17.2. This sketch shows the dimensions and angles of the diffuser vanes of a centrifugal pump. The
vane passages are 0.80 in wide perpendicular to the plane of the sketch. If the impeller delivers water at
the rate of 1.40 cfs under ideal and frictionless conditions, what is the rise in pressure through the
diffuser?

Prob. 17.2

1°.3. Water leaves the impeller of a centrifugal pump with a velocity of 70 fps at an angle a, = 10°. It
Zows through a whirlpool chamber consisting of parallel sides before it reaches the volute case. The
inner and outer radii of this chamber are 6 and 10 in, respectively. What will be the values of V cos «,
},..and V for the water as it leaves the chamber and enters the volute ? If there were no loss of energy,
what would be the gain in pressure head?

17.4. Suppose 10 stages were to be used for a total head of 900 ft, a capacity of 1,600 gpm, and a pump
speed of 600 rpm. What would be the specific speed in both gallons-per-minute and cubic-feet-per-
second units?

17.5. A pump is to discharge 100 m*/s at a head of 5.0 m when running at 300 rpm. What type of
pump will be required? Suppose the required speed is 450 rpm. What could then be done?

17.6. Assumung ¢ = 1 in Eq. {14.22), compute the diameter for the impeller in Illustrative Example
17.7. The Grand Coulee pumps on the Columbia River have impellers with a diameter of 1673 in and
a width at exit of 19.5 in. The speed is 200 rpm, and the maximum efficiency 90.8 percent. At the point
of maximum efficiency the discharge is 1,250 cfs at a head of 44 ft. The shutoff head is 422 ft.
Compute ¢ for maximum efficiency, V,, and V, /u,. Assume that the fractional part of area which is
free space is 0.95. (See Fig. 17.19 for definition of V)

17.8. A 54-in pump at Rocky River has an impeller 90 in in diameter, and B is 0.75 ft. It runs at
327 rpm. If ¢ = 1034 and V,, ju, = 0.128, compute the head and capacity. Assume f = 0.95.

17.9. The pump of Fig. 17.9 is placed in a 10-in-diameter pipe (f = 0.020), 1,300 ft long, that is used to
“ water from one reservoir to another. The difference in water-surface elevations between the reser-
vours fluctuates from 20 to 100 ft. Plot a curve showing delivery rate versus water-surface-elevation
difference. Plot also the corresponding efficiencies. The pump is operated at a constant speed of
1,450 rpm. Neglect minor losses.

17.10. Repeat Prob. 17.9 for the case of the same pump operating at 1,200 rpm. Assume efficiency
pattern and values remain the same.

17.11. Repeat Prob. 17.9 for the case of a homologous pump whose diameter is 80 percent as large as
the pump of Prob. 17.9. Assume efficiency pattern and values remain the same.
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17.12. If the maximum efficiency of the pump of Prob. 17.9 is 82 percent, approximately what would be
the maximum efficiency of the pump of Prob. 17.11? Equation (16.4) may be considered applicable.
17.13. Repeat Prob. 17.9 for the case of a homologous pump with diameter 80 percent as large as the
pump of Prob. 17.9 when operating at 1,200 rpm. Assume efficiency pattern and values remain the
same.

17.14. A pump homologous to the one whose dimensions and operating characteristics are shown in
Figure 17.9 has a diameter d = 27 in. When operating at 1,000 rpm this pump delivers 30 cfs through a
very long pipeline that connects two reservoirs whose water surface elevations are identical. What will
be the flow rate if the pump speed is increased to 1,200 rpm? Assume constant value for the pipe
friction factor fand neglect any differences or changes in pump efficiency.

17.15. Under normal operation a centrifugal pump with an impeller diameter of 2.84 in delivers
250 gpm of water at a head of 700 ft with an efficiency of 60 percent at 20,000 rpm. Compute the
peripheral velocity, the specific speed and ¢.

17.16. Under normal operating conditions a centrifugal pump with an impeller diameter of 8.0 cm
delivers 12 #/s of water at a head of 262 m with an efficiency of 60 percent at 18,000 rpm. Compute the
peripheral velocity, the specific speed and ¢.

17.17. Suppose the pump of Illustrative Example 17.3 were to be operated at its maximum efficiency
point at a speed of 3,600 rpm, what would be the minimum allowable value of NPSH and what would
be the maximum allowable elevation above the water surface, assuming a barometric pressure of 32 ft
of water, a vapor pressure of 1 ft of water, and intake-pipe friction of 3 ft? (Note: ¢, is constant at the
value found in the illustrative example.)

17.18. Suppose the pump in Ilustrative Example 17.3 were to pump gasoline with a vapor pressure of
4.42 psia. Assume the specific gravity of the gasoline to be 0.72. When h = 140 ft, V, = 10 fps. Using the
same value of o, as for water, what is the minimum allowable intake pressure in feet of gasoline and in
pounds per square inch ? (For gasoline the head-capacity curve is practically the same as that for water,
if the head is expressed in feet of gasoline.)

17.19. Suppose a pump were to pump water at a head of 130 ft, the water temperature being 100°F and
the barometric pressure being 14.3 psia. At intake the pressure is a vacuum of 17 in Hg and the
velocity 1s 12 fps. What are the values of NPSH and ¢7?

17.20. The pump of Illustrative Example 17.3 when pumping gasoline delivered 600 gpm at a head of
140 ft of gasoline with an intake pressure of 0 gage. With a vacuum-gage reading of 10 in Hg at the
intake, the pump delivered 600 gpm with h = 94 ft of gasoline; with a vacuum-gage reading of 15 in
Hg, it delivered 250 gpm with h = 88 ft of gasoline. These points are neither the points of maximum
efficiency nor the points of incipient cavitation. Assume the vapor pressure of the gasoline to be
4.42 psia and the specific weight to be 45 Ib/ft3. If the barometric pressure is 14.7 psia, compute the
values of NPSH and of ¢ for these points, assuming the velocity head to be negligible.

17.21. A pump with a critical value of ¢ of 0.10 is to pump against a head of 500 ft. The barometric
pressure is 14.3 psia, and the vapor pressure of the water is 0.5 psia. Assume the friction losses in the
intake piping are S fi. Find maximum allowable height of the pump relative to the water surface at
intake.

17.22. A boiler feed pump delivers water at 212°F which it draws from an open hot well with a friction
loss of 2 ft in the intake pipe between it and the hot well. The barometer pressure is 29 in Hg, and the
value of o, for the pump is 0.10. What must be the elevation of the water surface in the hot well relative
to that of the pump intake? The total pumping head is 240 ft.

17.23. In a model pump delivering 5.14 cfs with a total head of 400 ft the efficiency started to drop
when the gage pressure head plus velocity head at inlet was reduced to 10 ft. What was the value of o, if
the barometric pressure was 14.3 psia and the water temperature 80°F?

17.24. Select the specific speed of the pump or pumps required to lift 15 cfs of water 375 ft through
10,000 fi of 3-ft-diameter pipe (f = 0.020). The pump rotative speed is to be 1,750 rpm. Consider the
following cases: single pump. two pumps in series, three pumps in series, two pumps in parallel, three
pumps in paralilel.

[ =8
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17.25. Consider a pump to deliver 84.500 gpm at a head of 225 ft, as in Illustrative Example 17.4.
Determine the rotative speeds and impeller diameters D and D, for specific speeds of 500, 1.000, 2,000,
5.000. 8,000, 10,000, and 15,000.

17.26. For a constant maximum or outside diameter D, = 4 ft and a constant head of 81 ft, compute
the rotative speeds and capacities for specific speeds (N ) of 500, 1,000, 2,000, 5,000, 10,000, and 15,000.
17.27. A pump is required to deliver 2.420 gpm at a head of 150 ft when running at 1,750 rpm.
Determine the principal impeller dimensions.

17.28. A pump is required to deliver 9.580 gpm at a head of 36 ft when running at 1,200 rpm. Deter-
mine the principal impeller dimensions.

17.29. A centrifugal-pump impeller (Fig. 17.194) has dimensions B = 3.0 in and D = 10.0 in. When
operating at optimum conditions the pump delivers 16,000 gpm against a head of 75 ft at 1,450 rpm.
The required shaft horsepower is 44.0. Assuming the hydraulic efficiency is 0.83, determine the required
~lade angle at discharge.

17.30. A d-stage pump is to be designed to deliver 7,500 gpm against a head of 960 ft at a speed of
1,200 rpm. The four impellers are identical. Using the design factors of Fig. 17.20 determine their
approximate dimensions B, D.and D, . Assume the fractional free space = 0.95. Find also the exit blade
angle f8, assuming 100 percent efficiency.

17.31. If the pumps of Prob. 17.30 are delivering water at 140 F and the barometric pressure is
13.8 psia, determine the reading on a pressure gage in inches of Mercury vacuum at the suction flange
when cavitation is incipient. Assume the suction pipe diameter equals D, and neglect effect of prerota-
tion. Take a value of ¢, in accordance with those mentioned in the textbook.

17.32. Suppose the pumps of Prob. 17.30 deliver water at 50'F at an elevation of 5,000 ft. Determine
~vading on a pressure gage (inches of Mercury vacuum) at the suction flange when cavitation is
st Lot the diameter of the suction pipe equal D, and use o, as given in the text.

17.33. A deep-well pump is to deliver 800 gpm against a total head of 200 ft at 1,500 rpm. If the

impellers can be no larger than 7 in, how many stages should be used assuming all impellers are

identical ?

17.34. Specify the dimensions (D. D,, D,, and B) of alternate single-suction pumps to deliver
1,500 gpm against a head of 40 ft. Use motor speeds of 400, 800, 1200, 2,000, and 2,800 rpm. Use design
factors of Fig. 17.20.

Determine the required motor horsepowers for these pumps using the efficiencies of Figure 17.17.
Determine the minimum NPSH for each of these pumps. If the suction-pipe diameters are equal to D,
und oo =065 ft. determine the values of the absolute pressure heads at suction below which cavita-

~ 1 oceurs Assume sea-level atmosphere.

1735, Determine the value of ¢ for the pumps of Illustrative Example 14.1. Compare these values with
smose of Fig. 17.20.

17.36. A centrifugal pump with a 12-in-diameter impeller is rated at 600 gpm against a head of 80 ft
when rotating at 1,750 rpm. What would be the rating of a pump of identical geometric shape with a
6-in impeller? Assume pump efficiencies and rotative speeds are identical.

17.37. Refer to Illustrative Example 17.5. For the case of the single pump operating at 1,800 rpm plot a
curve showing delivery rate versus Az for Az values ranging from —20 to + 80 ft. Repeat for rotative
speeds of 1,440 rpm and 2,160 rpm. Assume no problem with cavitation.

17.38. Suppose the pumps of Illustrative Example 17.5 were operated at 1,500 rpm. What then would
< heen the flow rates for: (a) single pump; (b) two in series; (c) two in parallel. All other data to
zmain the same.
17.39. Two pumps whose characteristics are given in Illustrative Example 17.5 are to be used in
parallel. They must develop a head h = 35 + 20Q? as in the illustrative example. One pump is to be
operated at 1,800 rpm. The speed of the other pump is to be gradually reduced until it no longer
delivers water. At approximately what speed will this happen?

17.40. A pump is installed to deliver water from a reservoir of surface elevation zero to another of
elevation 300 ft. The 12-in-diameter suction pipe (f = 0.020) is 100 ft long and the 10-in-diameter
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discharge pipe (f=0.026) is 5000 ft long. The pump characteristic at 1,200 rpm is defined by
h, = 375 — 24Q* where h,, the pump head, is in feet and Q is in cubic feet per second. Compute the
rate at which this pump will deliver water under these conditions assuming the setting is low enough to
avoid cavitation.

17.41. Repeat Prob. 17.40 determining the flow rate if two such pumps were installed in series. Repeat
for two pumps in parallel.

1742. A centrifugal pump, whose operating characteristics at 1,800 rpm are given in Illustrative
Example 17.5, 1s to be placed in a 6-in-diameter pipe line and used to deliver water from reservoir 4 to
reservoir B. The water-surface level in B is 10.0 ft lower than that in 4. The pipe line is 1,500 ft
long, has a diameter of 6 in and f= 0.03. The pump is located very close to reservoir A. If the
suction side of the pump is set 5 ft below the water-surface elevation of reservoir A, at what rate
could water be reliably pumped? Assume the pump speed can be changed to any value and the
pump efficiency remains constant. The water temperature is 50°F, and this installation is in the
mountains at elevation 10,000 ft. (a) Solve for the maximum reliable flow rate by computing N, and
using the value of o, suggested in the text. (b) Determine the maximum operating speed of the pump
below which cavitation will not occur. (¢) What size homologous pump and rotative speed would vou
recommend for this situation?

17.43. Compute the specific speed of the pumps at Grand Coulee and of those on the Colorado River
Aqueduct at Hayfield, Gene, and Iron Mountain plants.

17.44. Determine the approximate specific speed of the pumps at the Edmonston Pumping Plant in

California.




APPENDIX
ONE

DIMENSIONS AND UNITS,
CONVERSION FACTORS

The systems of dimensions and units used in mechanics are based on Newton’s second law
of motion, which is force equals mass times acceleration, or F = ma, if suitable units are
chosen. In the English system, engineers define a pound of force as the force required to
accelerate one slug of mass' at the rate of one foot per second per second: that is.

1b=1slug x I ftjs

while in the metric (SI) system, engineers define a newton of force as the force required
to accelerate one kilogram of mass at the rate of one meter per second per second; that is,

I N=1kgx1m/s?

Physicists, on the other hand, ordinarily use the dyne of force defined as the force
required to accelerate one gram of mass at the rate of one centimeter per second per
second.

Unfortunately, these different systems tend to create confusion. In many parts of the
world engineers use the kilogram for both force and mass units. With universal adop-
tion of SI metric, however, this confusion should gradually disappear.

Any system based on length (L), mass (M), and time (T) is absolute because it is
independent of the gravitational acceleration g. A system based on length (L), weight,
ie., force (F), and time (T) is referred to as a gravitational system, since weight depends

U A slug of mass has a weight of approximately 32.2 Ib when acted upon by the acceleration of
gravity present at ihe ~.raoe 07 ihe 2arth,

533
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on the value of g which in turn varies with location (i.e., altitude and latitude). Hence
the weight (W) of a certain mass varies with its location. This variation is not generally
considered in this text as the variation in the value of g is small as long as we are
analyzing a problem on the earth’s surface. Fluid problems for other locations, such as the
moon where g is quite different than on earth, can be handled by the methods presented
in this text if proper consideration is given to the value of g.

On the back side of the front cover of the book a table is presented for converting
from the English system of units to SI units. For convenience a similar table is presented

here for converting from SI units to English units.

Conversion factors

To convert
metric (SI) unit

Multiply by

To obtain
English unit

Acceleration

Area

Flowrate

Force
Kinematic viscosity

Length

Power

Pressure

Specific heat
Specific weight

Velocity

Viscosity

Volume

Weight (see Force)

m/s
cm?
m?
hectare (ha)
kg/m* = 1073 giem?
toule (J} = N'm
aWohr
joule (J}) = N'm
m?/s = (10° /s)
/is = (1073 m3/s)
newton (N)
m*/s = (10* St)
mm
m
km
kg
453.6 g (mass)
W =Js = Nms
(watt)
N/m?(Pa)
N/m?
Nm;(kg)(K)
N/m?
m/s
km/hr
Nes,m*(10 P)

3

m
/= {10"3m?)

3.28

0.155
10.76
2.47

0.00194

0.738
2,65 x 10°
0.000948

3533
15.85

0.225
10.76

0.0394
3.28
0.621

0.0685
1.0

0.7375
0.00134

0.000145
0.02089

5.98
0.006365

3.28
0.621

0.02089

35.34
0.2642

ft/s?
in?

ft?

acre

slug/ft?

ft-1b

ft:Ib

Btu = 778 ftlb
cfs

gpm

ft
mile
slug

Ib (mass)

frlb/s
hp = 550 ftdb s

psi
1b/ft?

frlb/(slug)( R}
Ib:ft?

fps

mph

lb-s ft?

fi?

U.S. gallon
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English system conversions

Area 1 acre = 43,560 ft>
Energy I Btu = 776 ft-Ib
Flowrate Lefs = H48K3 gpm
Length Lft=121in 1yd =31t | mi=5280ft
Mass slug = 32.2 b (mass)
Power 1 hp =550 ftlb s = 0.708 Btu/s
Velocity I mph = 1.467 fps (30 mph = 44 fps)
1 knot = 1.689 fps = 1.152 mph
Volume 11t} = 7.48 gal

1 U.S. gal = 231 in® = 0.1337 ft?
= 8.34 Ib of water at 60 F
I British Imperial'gal = 1.2 US. gal
Weight U.S. (short) ton = 2,000 Ib

Metric ton = 2,204 1b
British (long) ton = 2,240 1b ¢

Other conversions

Engineering gas constant R ft1b(slug)( R) =0.1672 N-m/(kg)(K)

Heat
Metric I cal = 4.187 J (heat required to raise a 1.0 g mass of water 1.0K)
English 1 Btu = 252 cal (heat required to raise a 1.0 Ib mass of water 1.0 R}
Temperature
Metric K=273 +°C
English R =460 - F
AT of 1 C=AT of IK =AT of IS F=AT of 1.8 R

Relationship between temperatures

F C C F




APPENDIX

TWO

VELOCITY OF
PRESSURE WAVE

Consider an elastic fluid at rest in a rigid pipe of cross-sectional area 4. Suppose a piston at
one end is suddenly moved with a velocity V for a time dt. This will produce an increase in
pressure which will travel through the fluid with a velocity ¢. While the piston moves the
distance 1" di. the wave front will move the distance ¢ dr. During this time the piston will
displace a mass of fluid p AV dt, and during this same time the increase in pressure dp will
“orease the density of the portion between 1 and 2 by dp. Equating the mass displaced
~. o7¢ pion to the gain in mass between | and 2 due to increased density, pAV dt =
i.. from which (Fig. A.1}

c=-F (A1)

From mechanics the impulse of a force equals the resulting increase in momentum.
The impulse of the force produced by the piston is A dp dt. The mass p Ac dt is initially at
rest, but as the pressure wave travels through it, each element of it will have its velocit
increased to ¥, so that at the end of the time dr the entire mass up to section 2 will have the

cdt — {

1o

Figure A.1
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velocity V. Hence the increase in momentum is pAcV dt. Thus A dp dt = pAcl dr. and

dp
= .5 Al
c Vo {A.2)
Multiplying Egs. (A.1) and (A.2). we have
. _dp
=0 A3
= (A3)
In Sec. 1.6 the volume modulus of elasticity is defined as E, = —(r/dv) dp. Since p = 1/1,

pr = 1.0 = constant, and thus p dv + v dp = 0. and —v/dr = + p;dp. Hence E, = p dp/dp.
Substituting this value of dp/dp in Eq. (A.3), we have

E. [g_
C:/‘: gE[_ (A1
p h

This is the velocity of a pressure (or sound) wave, commonly referred to as 1me acoos:
velocity.

An acoustic, or pressure, wave travels through a fluid with such a high veloc::w -
there is no time for any appreciable heat transfer from any heat of compression. moreonver,
the fluid friction is negligible and thus the process is isentropic. In Sec. 1.9 it is shown that
the modulus of elasticity for a perfect gas under isentropic conditions is E, = kp. Inserting
this value in Eq. (A.4) gives for a gas,

- [# [l ine (r3)

This shows that for a gas the acoustic velocity is a function of its absolute temperature
The foregoing analysis has considered the pipe to be rigid. In reality the pipe is elastic.
and the stretching of the pipe walls due to the pressure wave makes the modulus of the
combination less than that of the fluid alone.
This new modulus will be expressed by K, and we shall let di = dv’ + dv”, where du’ is
due to compression of the fluid and dv” is due to stretching of the pipe wall. Thus
K = —vdp/(dv’ + d”), from which

[ dr’ dv”

Ki_l*dp_z‘dp

The first term on the right is seen to be I/E.. In mechanics E = increment of
stress/increment of unit deformation. From the concept of hoop tension the increment of
stress in the wall of the pipe is r dp/t where r is the radius of the pipe and ¢ is its thickness.
If the circumference is stretched an amount d/. the increment of unit deformation is di/2nr.
Since dl = 2r dr, this last expression becomes dr;r. From these relations we obtain
dp = Et dr/r?. Per unit length of pipe v = nr?, and the increase in volume is equal to
the increase in area, so that dv” = 2nr dr. Substituting these quantities for the three items
in the second term of the equation for 1K, it reduces to 2r/Et = D/Er. Therefore 1/K =
1/E, + D/Et, from which

. E,
N e (4.6)
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The velocity of a bressure wave in an elastic fluid in an elastic pipe is then

!'_\g' - r B T A _

= K = R A7
< / (,) V1T e (A7)
In every case ¢ is the velocit

y of the pressure wave relative to the fluid. If the fluid is
moving with a velocity V, the ab

solute velocity of the pressure wave is
Caby = € i 14

from which it is seen that. if the fluid velocit
pressure wave can then appear upstream. As t
of physical matter, it is often called celerity.

(A.6)

y is equal to or greater than ¢, no effect of a
he velocity of a pressure wave isnot a velocity
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Table A.la. Physical properties of water in English units
5 l [ | | ? | Bulk
! i i Kine- ! * Vapor modulus

Specific l ] | matic ' Surface Vapor t pressure I of

weight | Density | Viscosity viscosity " tension J pressure | head elasticity
Temp, | 7 0, ux 10°, [ vx 10% o x 107 | p,. ' Do ['E_x 1074
F ibAC | stugs/fC | IbsAC 0 b it psia | It L psi

T — ‘ 1 |
32 62.42 1.940 3.746 ( 1.931 ; 0518 1 009 020 | 293 '
40 6243 1.940 3.229 | 1.664 0.514 0.t2 . 028 294
50 ‘ 62.41 ‘ 1940 | 2735 ) 1410 ; 0.509 018 ' 041 i 305
60 6237 f 1938 2359 [ 1217 ' 0.504 . 026 i 0.59 | 3t
70 ] 62.30 l 1936 | 2050 ; 1.059 5 0500 = 0.36 r 0.84 1320
80 ’ 62.22 193¢ | 1.799 " 0930 10492 ' 0.51 f’ 1.17 ; 322
90 62.11 | 1.931 j 1.595 I 0826 | 0.486 0.70 1.61 I 323
100 Isz.oo | 1927 144 ! 0730 1 0480 o095 |o219 |37
1o | 6186 (1923 | 1284 | 0667 10473 | 127 295 331
¢ 120 ‘61471 (1918 168 | 0609, 0465 169 39 | 333
130 | 6155 é 1913 | 1069 0558 1 0460 L2 s ‘ 334
140 ] 6138 ; 1.908 | 0.981 . 0514 0.454 289 6.67 [ 330
150 | 6120 | 1902 0905 | 0476 0447 172 858 | 328
160 } 61.00 189 0.838 © 0442 + 0.441 174 10.95 326
170 | 6080 | 1890 | 0780 0413 0433 | 599 | 1383 | 322
180 I 6058 1 1883 © 0726 0385 0426 . TSI 1733 | 318
190 | 6036 , 1876 06" T 0419 934 | 2155 s
200 60.12 1.868 0.637 1.34] 412 11.52 26.59 308
212 59.83 1.860 1S9 niig 1,404 ; 1470 3390 ‘} 300
w s |




Table A.15. Physical properties of water in SI units
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0.294

\
1 Bulk
i Kine- 5 Vapor ' modulus
Tem- | Specific matic Surface | Vapor pressure ; of
pera- | weight | Density \'1>cosit_\‘1 viscosity | tension ; pressure head ‘ elasticity
ture, | 0. wox 1001 v x 108 | o, I p P | E.x 107 ¢
C ‘ kN/m3 | kg/m® Nsm- m?/is N/m | kN/m2 abs m kN/m?
T
0 9.805 999.8 1.781 1.785 0.0756 ‘ 0.61 0.06 “ 202
3 9.807 10000 1518 1.519 0.0749 | 0.87 009 | 206
10 9804 999.7 | 1.307 1306 00742 | 123 0.12 | 210
15 ‘ 9.798 999.1 \ 1.139 1.139 0.0735 i 1.70 0.17 215
~no 9789 998.2 1.002 1.003 © 00728 2.34 025 = 218
AR 9970 | 0.890 0893 | 00720 317 033 |2m
RV 9.764 995.7 . 0.798 0.800 0.0712 4.24 044 - 225
40 9.730 9922 0.653 0.658 0.0696 ! 7.38 0.76 ‘ 228
50 9.689 988.0 | 0.547 0.553 0.0679 | 12.33 126 1229
60 9.642 983.2 | 0.466 0474 0.0662 19.92 203 228
70 | 9.589 9778 . 0404 0.413 0.0644 ! 3116 320 1 225
80 | 9.530 9718 | 0.354 0.364 0.0626 1 47.34 4.96 ‘ 2.20
90 ! 9.466 9653 | 0315 0.326 100608 | 70.10 T8 214
100 1 9399 958.4 l 0.282 | 00589 } 101.33 1033 | 207
I

Table A.2a. Physical properties of air at standard atmospheric pressure i

English units

174

487

Temperature Specific Kinematic
Density weight Viscosity VISCOsity
T. T, p x 10°, px 107, ux 107, v x 10%,
F C slugs ft? Ib/At? Ibrs/ft? ftss
—40 -40.0 294 9.46 312 1.06
o - 289 2.80 9.03 3.25 1.16
: — 17X 268 8.62 338 1.26
B —122 263 8.46 345 1.31
Zu —6.7 2.57 8.27 3.50 1.36
30 - 1.1 2.52 8.11 3.58 1.42
40 4.4 2.47 794 3.62 1.46
50 10.0 242 7.79 3.68 1.52
60 [5.6 2.37 7.63 3.74 1.58
70 MR 233 7.50 382 1.64
80 26.7 2.28 7.35 385 1.69
90 322 224 7.23 3.90 1.74
i 37.8 2.20 7.09 398 1.80
120 489 2018 6.84 4.07 1.89
140 60.0 2.06 6.63 4.14 201
160 71.1 1.99 6.41 422 212
180 822 1.93 6.21 434 2.25
200 933 1.7 6.02 449 240
250 1211 S 60 2.80
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Table A.25. Physical properties of air at standard atmospheric pressure in SI

units
Temperature Specific Kinematic
Density weight Viscosity viscosity
T, T. 0, : w < 107, v x 105,
C F kg/m? Nm? N5 m? m?/s
—40 —40 1513 1486 149 0.98
—20 - 4 1.395 13.68 1.61 115
0 22 1.293 12.68 1.71 1.32
10 50 1.248 12.24 1.76 1.41
20 68 1.205 1182 1.81 1.50
30 86 1.165 11.43 1.86 1.6t
40 104 1.128 11.06 1.90 NGN
60 140 1.060 10.40 2.00 i
80 176 1.000 981 209 2.09
100 212 0.946 9.28 2.18 231
200 392 0.747 7.33 2.58 R
Table A.3a. The 1CAQ standard atmosphere in English units
Specific
weight Density Viscosity
Alutude. Temp. Pressure, w P % 107,
ft 13 psia Ib/ft? slugs/ft* Ib-s/ft?
0 59.0 14.70 0.07648 0.002377 3.737
S.000 41.2 12.24 0.06387 000204 RIGRE
10.000 234 10.11 0.05643 0.001756 3534
15.000 5.6 8.30 0.04807 0.001496 2430
20,000 —123 6.76 0.04070 0001267 3328
25,000 —30.1 546 0.03422 0.001066 3217
30.000 —47.8 437 0.02858 0.000891 3.107
35,000 —65.6 347 0.02367 0.000738 2.995
40.000 ~-69.7 273 0.01882 0.000587 2.969
45.000 —-69.7 215 0.01481 0.000462 2,969
50.000 —69.7 1.69 001165 0.000364 2.969
60.000) 69.7 1.0S 0.00722 0.000226 2964
70,000 —69.7 0.63 0.00447 0.000140 2.969
80,000 —69.7 0.40 0.00277 0.000087 2,969
90.000 =572 0.25 0.0016% 0.000053 3048
100,000 —40.9 u.l6 0.00102 0.000032 3150
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Table A.35. The ICAO standard atmosphere in SI units

Specific
weight Density Viscosity
Altitude,  Temp, Pressure. 7, X u x 103,
km °C kN/m?, abs N/m3 kg/m? N-s/m?
0 150 101.33 1201 1.225 179
2 2.0 79.50 9.86 1.007 1.73
4 —45 60.12 8.02 0.909 1.66
6 —240 47.22 6.46 0.660 1.60
8 —369 35.65 5.14 0.526 1.53
i —499 26.50 404 0414 1.46
12 -56.5 19.40 305 0.312 142
14 —56.5 14.20 222 0.228 1.42
16 —56.5 10.35 1.62 0.166 142
18 —56.5 7.57 1.19 0.122 1.42
20 —56.5 5.53 0.87 0.089 142
25 —-51.6 2.64 041 0.042 1.45
30 —40.2 1.20 0.18 0018 1.51

Table A.4a. Physical properties of common liquids at standard atmospheric pressure in English units

~

Temper- Surface  Vapor Modulus of
ature Density Specific  Viscosity tension pressure  elasticity
T, . gravity, u x 10% g, Pes E,..
Liquid F slug/ft* 5 lb-s/ft? 1b/it psia psi
Benzene 68 1.74 0.90 1.4 0.002 1.48 150,000
Carbon
tetrachloride 68 3.08 1.59 2.0 0.0018 1.76 160,000
Crude ol 68 1.66 0.86 15 0.002 — —
Udsoline 68 1.32 0.68 0.62 — 8.0 —
Glhveerin 68 244 1.26 3100 0.004 0.000002 630,000
Hidrogen —430 0.14 0.072 0.043  0.0002 31 —
Kerosene 68 1.57 0.81 40 0.0017 046 —
Mercury 68 26.3 13.56 33 0.032 0.000025  3.800.000
Oxygen -320 2.34 1.21 0.58 0.001 31 —
SAE 10 oil 68 1.78 0.92 170 0.0025 — —
SAE 30 oil 68 1.78 0.92 920 0.0024 — -
Water 68 1.936 1.00 2.1 0.005 0.34 300,000

O z7reEe A A S|

=
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Table A.4b. Physical properties of common liquids at standard atmospheric pressure in SI units

Temper- Surface Vapor Moo o
ature Density Specific Viscosity tension pressurz LT
T, . gravity, u x 10% o, D - £
Liquid °C kgm® s N's/m?>  N/m kN m®. abs N -
Benzene 20 8935 0.90 6.5 0029 10.0 R
Carbon
tetrachloride 20 1,588 1.59 9.7 0026 12.1 1.100
Crude oil 20 856 0.86 72 003 — —
Gasoline 20 678 0.68 29 — 35 —
Glycerin 20 1,258 1.26 14,900 0063 0.000014 234
Hydrogen —257 72 0.072 0.21  0.002 i —
Kerosene 20 808 0.81 192 0028 320 —
Mercury 20 13,550 1356 156 0351 Doy R
Oxygen —195 1,206 1.21 28 0015 e -
SAE 10 oil 20 918 092 820 — —
SAE 30 oil 20 918 092 4,400 — -
Water 20 998 1.00 10.1 0073 2 b

Table A.Sa. Physical properties of common gases at standard sea-level atmosphere and 68°F in English units

Specific heat,

Specific Gas constant ftlb/(slug)(°R)  Specific
weight,  Viscosity R, [=ft*/(s?)(°R)] heat
Chemical Molecular 7, ux 10,  ftlb/(shig)°R) ——  rano
Gas formula  weight Ib/ft? 1b-s/ft? [=1*/(s*)°R)] ¢, c, k
Air 29.0 0.0753 376 1,715 6,000 4285 140
Carbon dioxide Co, 44.0 0.114 3.10 1,123 5432 4009 1.la
Carbon monoxide CO 280 0.0726  3.80 1,778 6,218 4440 140
Helium He 4.00 00104 4.1t 12,420 31,230 18,810 1.66
Hydrogen H, 202 0.00522 1.89 24,680 86,390 61,710 140
Methane CH, 16.0 00416  2.80 3,100 13,400 10,300 1.30
Nitrogen N, 28.0 0.0728  3.68 1,773 6,210 4,437 140
Oxygen 0O, 320 0.0830 4.18 1,554 5,437 3883 140
Water vapor H,O 18.0 00467 212 2,760 11,110 8350 1.3
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Table A.5b. Physical properties of common gases at standard sea-level and 68°F in SI units

Specific heat,
Gas constant N-m/(kg)(K)  Specific

Density Viscosity, R, [(= m*(s®)(K)] heat
Chemical Molecular . ux 105 Nm/kgfK) —————— ratio
Gas formula  weight kg m*  Ns/m? [= m?*/(s*)K)] ¢, c, k=c,e,
Alr 29.0 1.205 1.80 287 1,003 716  1.40
Carbon dioxide CcO, 440 1.84 1.48 188 858 670 1.28
Carbon monoxide CO 28.0 1.16 1.82 297 1,040 743 1.40
Helium He 4.00 0.166 1.97 2,077 5,220 3143 1.66
Hecrog s H, 202 00839 090 4,120 14450 10,330 1.40
Meihane CH, 16.0 0.668 1.34 520 2,250 1,730 130
Nitrogen N, 28.0 1.16 1.76 297 1,040 743 1.40
Oxygen 0, 320 1.33 200 260 909 649 140
Water vapor H,O 18.0 0.747 1.01 462 1,862 1,400 133
Table A.6a. Areas of circles (English Table A.6b. Areas of circles (SI .
units) units) !
- 8
Area Diameter, Area, .
D .ameter. —_— cm m?
in in? ft?
5 0.00196
0.25 0.049 0.00034 10 0.00785
0.5 0.196 0.00136 15 0.01767
1.0 0.785 0.00545 20 0.03142
20 3.142 0.0218 25 0.04910
30 7.069 00491 30 0.07069
40 12.57 0.0873 50 0.1963
6.0 28.27 0.196 100 0.7854
~0 50.27 0.349 150 1.767
Nl 78.54 0.545 200 3.142

20 113.10 0.785




Table A.7. Properties of areas
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Table A.8. Properties of solid bodies
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