
Mullan [8] S' & 23,000, were obtained with a long straight inlet 
pipe of the same diameter as the impeller. The suction pressure 
was measured a short distance ahead of the impeller. This pump 
discharged into a circular collecting chamber (not a volute). 
With a greatly improved impeller approach the specific capacity 
(bep) increased as compared with the first group of pumps. 

The third group of points by Acosta [9] S' & 50,000, were ob-
tained with a straight pipe both on suction and discharge. The 
NPSH is minimized, and specific capacity increased still further 
as compared with the second group. Neglecting any losses of 
head in the impeller approach the value of Ki — 1.5 for this in-
ducer can be accounted for by the value of the maximum local 
velocity in the low-pressure zone which is 1.22 times the average 
inlet radial velocity. 

Although the suction specific speed of a pump with an inducer 
ahead of a centrifugal impeller is determined by that of the in-
ducer, suction specific speeds shown by inducers when tested alone 
cannot be realized, without cavitation, when these are used as 
boosters to the normal centrifugal impellers. 

Previous Studies of NPSH Requirements. P f l e i d e r e r [ 5 ] h a s o f -
fered the following method for calculation of the minimum NPSH 
requirements in terms of the inlet velocity triangle elements 
using the formula 

NPSH = A , — + X2 — (15) 
2 S 2„ 

where Xi is a numerical constant with values from 0.25 to 0.35 
and \-> is a numerical constant which lies between 1.1 and 1.3. 
Equation (15) can be presented in the form similar to equation 
(8). 

NPSH = KlCmly2g (16) 
where 

K i = W s i n 2 ft + X2 (17) 

By expressing NPSH in equation (17) in terms of the several 
elements of the inlet velocity triangle and assuming that NPSH 
is a function of ft only (the rest of the variables remaining con-
stant) the value of the minimum NPSH was found by dif-
ferentiation of equation (17) with respect to tan ft. Solving 
tan ft Pfleiderer arrived at the following expression 

„ /l + MR, - IT2 

t a M = V 2 ( X j + X 2 ) ( 1 8 ) 

Since in Pfleiderer's development the leakage loss and the reduc-
tion of the effective area due to vane thickness were neglected a 
value of Ri = 1.2 should be used for the radial inlet flow without 
prerotation. Using Xi = 0.25 and X2 = 1.1 equation (18) yields 

ft = 18 degrees 

and 

Ki = 3.61 

This result is in agreement with the chart in Fig. 4. On the same 
chart several values of Ki are shown for different ft values, ac-
cording to equation (17). These show that if Xi and X2 are con-
stant the value of Ri has to increase for lower values of ft. Con-
versely, if the value of Ri is selected, the value of Xi and X2 will 
vary, to locate the points on their respective lines of ft values. 

Krisam [4] has expressed serious doubts about the validity of 
the equations (15) and (18), indicating that there was ample 
experimental evidence that lower values of NPSH and higher 
values of the suction specific speeds were obtained with ft as low 
as 12 deg. The inconsistency of equation (18) also becomes 
apparent when higher values of R\ (allowing prerotation) are 
used. Thus, for R, = 1.5, the angle ft = 24 deg, and forf l , = 2.0, 

ft = 35 deg. It has been stated earlier that higher values of Ri 
up to R\ = 2.0 were resorted to in connection with a minimum 
value of ft = 15 or 16 deg. All the above considerations lead to 
a conclusion that Xi and X2 do not remain constant for different 
values of ft and Ri and hence the whole method of the determina-
tion of the minimum values of NPSH by differentiation is not 
applicable. 
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D I S C U S S I O N 
Ken Shou Fang2 

The ability to accurately predict the NPSH requirements of a 
pump without having to perform actual tests would be highly 
beneficial to the pump industry. We have found it necessary to 
perform actual tests in our turbine pumps in order to determine 
our NPSH requirements with sufficient accuracy for current 
market demands. The present paper recognizes additional 
parameters for the theoretical determination of NPSH and, as 
such, is a worthwhile contribution even though the degree of 
accuracy claimed is not sufficient to eliminate the need for 
testing. 

The few checks we have made comparing actual test data of 
existing pumps with the values calculated using the method pre-
sented indicate differences in excess of 10 percent. This indi-
cates that effects of additional design elements must be con-
sidered and/or a further refinement is required with regard to 
the authors' assumptions. 

Some of the assumptions made requiring refinement are: 
1 K, eq. (10) stated in this article to be independent of speeds. 

Our test data clearly indicates that K\ varies with speed. Table 1 

shows a tabulation of — for many of our 4 through 16 in. 
A 

turbine pumps (2000-4000 N,) operated at the Best Efficiency 
Point and clearly indicates K\ for 1760 rpm to be higher than Ki 

for 3500 rpm. For our K', NPSH = ( ^ ^ - J and therefore 

2 Project Engineer, Fairbanks, Morse & Company, Pomona Works, 
Pomona, Calif. 
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Fig. 11 Difference in pump performance C. C. W. versus C. W. rotation 

Table 1 values of various sizes of vertical turbines pumps at B.E.P. 

(Fairbanks, Morse & Co., Pomona Works, Calif.) 

n p s h = ( M 

Size of Pumps at 3500 rpm 1 
A" at 1750 rpm 

4a 9.15 
4b 8.84 
6a 8.9 
6b 8.65 
6c 9.15 
6d 9.35 
7 8.87 9. ,7 
8a 9.45 11, .0 
8b 9.49 11. ,1 
8c 10. .1 
8d 10, ,25 

10a 11, .2 
10b 9, ,65 
10c 9, ,7 
lOd 12, ,4 
12a 9, ,6 
12b 11, ,3 
12c 10, ,3 
14a 10, .8 
14b 11 .22 
14c 11 .04 
16a 11 .7 
16b 10, .05 

Average 9.09 10 .65 

Ki = 
G25 

This table illustrates Ki is not constant over the 
(K-) 

speed range tabulated. 

2 From equation (8) NPSH = IC, Cml 
2(7 

At shut-off point, c,„i = 0, NPSH should also be zero, neglect-
ing the circulation by leakage. What NPSH value at 0 capacity 
is of no practical importance. Nevertheless, it has academic in-
terest, probably equation (8) should take the form of 

NPSH = Ki — + C 
2 g 

From several tests by this writer and works by others3 the 
value of C is not negligible or constant. 

3 From equation (<J) ( N P S H ) " is a fraction of tan ft 
From a pure algebraic point of view, NPSH value should be 

numerically the same if ft becomes (180 — ft) or where the 
pump is run in the reverse rotation. This writer had NPSH test 

"Cavitation Along Surface of Separation," 
WA-265. 

3 David W. Appel, 
ASME Paper No. 00 -

on both rotations and found the values were higher even though 
the capacities were much smaller in reverse rotation. Fig. 11 
shows the test results. This fact would seem also to indicate that 
the design elements other than entrance angle ft are important. 

Victor Salemann4 

The authors present a method of analysis and design of the inlet 
to an impeller based on constants derived from experiment. Little 
is said about the physical meaning of these constants. Thus, 
from remarks scattered throughout the text one can gather that 
Ri corrects the vane angle for leakage and the difference between 
the tip and average inlet velocity. It establishes the design inlet 
angle of attack and its variation due to operation at off-design 
flows. It also accounts for prerotation. 

Design constants should have a theoretical justification and 
physical meaning. Without these, an inexperienced user can 
easily select a set of constants which result in an exception to the 
empirical rules. 

The authors themselves seem to have lost track of the meaning 
of Ri. In the discussion of Pfleiderer's equation, they conclude 
that Ai and X2 cannot remain constant when R\ becomes large, 
as in the case of prerotation. In their optimization of ft however, 
they had excluded prerotation by assuming that NPSH is a func-
tion of /3 only, and differentiating in respect to tg/3 only. It is 
then improper to vary the prerotation in the resulting expression 
for ft 

Physically, Xi is the minimum pressure coefficient of the vane 
near the inlet. It may be expected to vary with angle of attack 
of the relative velocity, arrangement of the cascade, and shape of 
the vanes. It is independent of the degree of prerotation. The 
constant X2 is theoretically unity if the actual absolute velocity 
were known. If the authors did not mean to exclude prerotation 
then their constant X2 is theoretically 1/sin2 a. It will, of course, 
vary with prerotation. 

It would probably be useful to break up Ri into three factors 
accounting for actual meridional velocity, angle of attack, and 
angle of prerotation. A discussion of the physical significance of 
every "design constant" would be helpful. 

Authors' Closure 
The authors appreciate the contributions of both discussers. 

Mr. Ken Shou Fang has brought up the very important question 
of variation of cavitation parameters with the speed. The 
authors deliberately abstained from discussion of this problem as 
this would lead them away from the main subject of the paper, 
i.e., correlation of the cavitation test data for dissimilar pumps. 
In an earlier article5 the senior author has pointed out that 
NPSH requirement at higher speeds are lower than the sigma = 
constant relation would indicate. The cause of the deviation 
could be traced to the difference of the "measurable cavitation 
effect." When and if means are developed to detect the point of 
incipient cavitation, then it would be found that the Thoma's 
similarity law for cavitation would hold for several speeds. 

Considering the difficulties of accurate measuring NPSH 10 
percent error observed by Mr. Fang should be accepted as 
reasonable. 

Mr. Salemann seems to fail to appreciate the meaning and use-
fulness of the constant Ri. The authors use Ri as one of several 
possible means to determine the inlet velocity triangle. They feel 
definitely that the relationship between the impeller inlet design 

4 The Boeing Company, Renton, Wash 
5 JOURNAL OF ENGINEERING FOR POWER, TRANS. ASME. Series A , 

vol S3, 15)01, p. 79. 

Journal of Engineering for Power O C T O B E R 1 9 6 2 / 3 3 5 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/84/4/335/5592341/334_1.pdf by guest on 19 M
ay 2023



and cavitation properties could not be expressed in a simpler or 
clearer way with any other parameters. 

The authors agree with Mr. Salemann that it was improper to 
apply the mathematical treatment to the Pfleiderer equation (15) 
the way he did as the coefficients 71 and 72 are inherently variable. 
It may lie of interest to point out that to fix the inlet condition 
Pfleiderer need a constant C defined as (notation of Fig. 3): 

C = 1 — cui/«i 

This happened to be the reciprocal of the authors' R1. A more 
detailed description of the meaning of Ri and its use is found in 
Reference [3], p. 83. 

The development presented in the article is primarily intended 
for bep. However, the formulas can be applied to partial capaci-
ties to about half of normal with satisfactory results. 
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