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Piezometer Irtvest1gat1on 

HYD-54-1 

BY CHARLES M. ALLEN• AND LESLIE J. HOOPER,• WORCESTER, MASS. 

This investigation had for its object the detennination 
of a 11tandard piezometer for commercial u11e and the study 
of the hydraulic effect of various conditions of operation 
upon different forms of piezometers. Piezometers were 
compared in operation with suitable reference orifices, the 
differentials being measured with hook gages. A number 
of factors concerning the performa�ce of piezometer ori­
fices were analyzed. The paper gives results covering a 
variety of forms and conditiolll! and should assist in es­
tablishing a standard form of piezometer. 

C. M. ALLEN 

T
HE object of this investigation was (1) to determine a 
stable type of piezometer suitable for use as a standard in 
commercial work, and (2) to determine those factors which 

have the grea� bearing in obtaining correct results. 
The experimental work was conducted at the Alden Hydraulic 

Laboratory of Worcester Polytechnic Institute. The general 
layout of the apparatus may be seen.in Fig. 1. A 12-in. pipe 

line was used for this work, as suitable water velocities, ease of 
regulation, and uniformity of fl.ow and pressure conditions were 
readily obtained. Thia line is connected to the main 40-in. 
pen.stock above a 36-in. by 16-in. venturi meter and below the 
Johnson differential surge tank. The 40-in. penstock, which is 
about 4-00 ft. long, takes its water from the second or middle 
pond and supplies a 100-hp. water wheel under 30 ft. head in 
the main laboratory. 

From Fig. 1 it is seen that the 12-in. line branches off from the 
main pell8tock and runs horizontally about 33 ft. acro88 the labo­
ratory. 

Then it rises 4.2 ft. and again runs horizontally 34 ft. at 
right angles to its former course to a 12-in. by 6-in. venturi 
meter. At the end of the venturi meter is a regulating valve, 

1 Profeseor of Hydraulic Engineering, Worcester Polytechnic 
Institute. Mem. A.S.M.E. Professor Allen waa born at Walpole, 
Masa., on I).ec. 12, 1871. He received his B.S. in Mechanical 
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sulting and testing-engineering practice in paper-mill and water­
Power lines, making power and efficiency tests throughout the 
United Statee and Canada. ,He has done considerable research 
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of water-meaauring apparatus, and, in recent years, hydraulic 
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A.S.M.E. Mr. Hooper was born in Essex, Maas., on Feb. 15, 1903. 
He received his B.'S. degree in Mechanical Engin01tring at Worcester 
Polytechnic Institute in 1924 and M.E. degree from the same in­
stitution in 1929. The first three years after graduation he waa 
engaged in hydraulic test work in Brazil, and for the past four 
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at the Alden Hydraulic Laboratory of the Worcester Polytechnic 
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the institute. 
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Annual Meeting, New York, N. Y., Nov. 30 to Dec. 4, 1931, of 
THE AMERICAN SocIETY OF MECHANICAL ENGINEERS. 
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L. J . .tiOOPER 

and from there the water discharges either into a waste way or 
for calibration purposes, into a weighing tank. 

At the entrance to the 12-in. line two '/.-in. mesh screens were 
placed to prevent leaves and sticks from entering the pipe and 
causing trouble with the test piezometers. As the direction of the 
current of water in the main penstock was acroBB these screens, 
they cleaned themselves every time the 12-in. line was shut down. 

For this work smooth water-flow conditions are eBSential. 
In Fig. 1 it ·is seen that there are two right-angle bends in the 
pipe above the test section. These bends were in planes normal 
to each other. Thia condition would tend to give a whirl to the 
water that µ:tight seriously affect the accuracy of the measure­
ments. Therefore a water-flow straightener was placed in the 
pipe just below the second elbow. This was a sheet-metal vane 
3 ft. long that divided the pipe into quadrants. Th.is effectively 
checked any tendency of the water to whirl. To further quiet 
the water, stilling screens, which consisted of two ¼-in. mesh 
screens close together with the wires at 45 deg. to each other 
were placed in the pipe at the flange joint upstream from the 
test section. 

The test section was located about 6 ft. upstream from the 
venturi meter and 0.4 ft. upstream from the end of the 18-ft. 
section of pipe. In Fig. 1 it is seen that the water straightener 
was 29.6 ft. and the stilling screens 17.9 ft. upstream from the 
piezometer section. In order to have the pipe wall and hence the 
surface flow as smooth as poBBible, the pipe was scraped for a dis­
tance of 7 ft. upstream fr!)m the test section and brushed with 
a stiff wire brush for 3 ft. upstream. 

At the test section 12 holes were drilled radially at equal inter­
vals around the pipe and tapped for a '/,-in. pipe thread. The 
orifices were made up in bra.as plugs which were screwed into these 
holes. After being put in place the inside surface of the plug 
was filed and scraped flush with the wall of the pipe. (See 
Fig. 2.) 

Since there is no independent method of mea.sw-ing preBSure 
head in a pipe other than piezometers, it was necessary to choose 
arbitrarily comparison or reference orifices. Four of these refer­
ence orifices were installed on two diameters at right angles to 
each other. These orifices had '/.-in. holes, square edges, and 
surfaces flush with the penstock wall. Other piezometers to be 
compared were installed in the mtermedia� holes, as shown in 
Table 1. 

The elevation of the preSBure head at the test section was 
several feet above the roof of the building. The small differences 
in the readings of the various piezometer orifices made the use of 
sensitive hook gages imperative. Therefore a differential-pres-
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TABLE 1 PIEZOMETERS TESTED 

!IE 5CR I PTION 

SQUARE. tPGEP Ya' OIIIFIC.E USEP A� A RE.FERENCE 

::>o.uAIIE E.PGEV Ye ORIFICE USEP AS A l'IEFCl'ltNCE. 

5qUARE El'GE.I' Ya ORIFICE U5E.I' A5 A REfE.IIEftCE. 

5qUARE. E.l'GEP Yi�· ORIFICE. 

PJEZOMETE.11 WITH Z1/3z" OlllflCE. ANJ> Y,,' RAPIUS Of IIOUIIVING. 

5QUAIIE EPGEP )4• ORIFICE 

BURR IIEMOIIEP II'< COUNTEll�llll{lt!G WITH LARGE PRILL POINT. 

SQUARE EPGEP 3/a' ORIFICE. 

CONICAL flEZOMETE 1'l OF 60 VEGlle.ES. 

5QUAIIE EPGEP Yz' ORIFICE 

P1EZOMETEII WITH Ye' ORIFICE ANP ½• IIAPIU5 Of ROUNP1NG. 

C 0N1CAL r1e20Mtn.11 oF 1s·., 

MoPIFICATION Of CONICAL PJ'2011ETER 

f'IEZOMETEII WITH 1/a" ORIFICE AIIP Ye· 1'lAPIV5 Of IIOVNPlll6 

l NSEl'lTEP TUBE. PIEZOMETE.f' 51MILAII TO A l"ITOT TUBE !!UT LACKIIIG THE 111PACT 
ORIFICE. Tu8E 5\011, MP Yz·o.v Fou11 Ye· SQUARE EVGEP OIIIFICE5 y FROl1 !'OINT. 

Bu1111 REMOVEP 8Y TWO LIGHT COUNTERSINKING OPE.RATION�. 

PtEZOMETEl'I RECESSEP y ... • 

P1tzo11en11 COUNTtll!lOIIE.P FROM '""n 

P1not1ETEII PLUG l"IIOJECTlnG 1/e· 

P1t2ot1tTEt1 PLUG PIIOJECTING 3/a' 

P11:.zot1n1:.11 w1TH 'le" 0111,ict ANI' Yn" 1111v1u� oF 11ouNP1NG 

CONICAL P1ez.0111:.TEII Of �o VEGIIU� 

51MILAl'I To Tl'IAILING t-rro11ETEII OIIIFIC[ 

P1noMETEfl PLUG. PIIOJtc.nNG 'I, •• 

TEABALL PIUOMEn.R ONE INCM �PHERE ON ENP or " 1/a' r1n. No 60 HoLE:. PlltLLEI' 
ALL 01/fR THE BALL AT REGULAR INTEIIVAL� 

P1tZOMETE.1'1 fLUG l'IECE.5:0EV 1/e• 

Cur 5HAPEP IIECC5!> IN PIEZOl'IETE!I 'T\Jl!E. 

NoTf • ALL PltZOMETtll5 HAvt. 1/g" 01\IFICE. f.ACf.l"T WHERE NOTEP 
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FIG. 5 D1FFEREZ-.TIAL-PRESSGRE HooK-GAGE MANOMETER 

sure manometer with two hook gages was made up for this test 

work. 
A sectional view of one of the head gage pots is shown in Fig. 

3. The stilling pot was made up of a piece of 4-in. boiler tube 
with two heads welded in, ¼ -in. pipe fittings being used to con­
nect regular water-column fittings to the stilling pot. The lower 
water-glass fitting was equipped with a small stuffing box, through 
which passed the hook-gage point. About I in. down from the 
point a small guide was soldered so that the point was kept in a 
central position in the tube. 

Fig. 4 is a diagrammatic sketch of connections for these gage 
pots. Two of these instruments were mounted side by side on 
a suitable base, as shown in Fig. 5. The air connections at the 
top were joined, and a common line went into an air tank of about 
2 cu. ft. capacity. An ordinary tire pump was used to raise 
the pressure in the air tank so as to balance the water pressure. 
The water-pressure connections were first tied by an equalizer, 
and then passed through valves to the orifice connections on the 
1 2-in. pipe. 

In normal operation all the air passages were open, so that equal 
air pressure existed in both hook-gage pots and the air tank. 
The water-pressure equalizing tube was closed and the water­
pressure tubes were connected to the desired piezometers. Be­
tween runs the water-pressure tubes were closed and the water­
pressure equalizing connection was open so as to obtain a zero 
reading. From time to time the zero reading was checked 
by removing the gage glasses and laying a machinist's spirit 
level on the hook-gage points. 

Before trying out the gages it was feared that there might be 
some <lifficulty in seeing the "pimple" on tbe water surface 
through the glass. It was found that not only was the point clearly 
observable in the usual manner, but that there were two other 
equally accurate ways of taking the rea<ling of the water surface. 
By observation from below, the image of the point is very plainly 
seen. As the point approaches the water surface the image an<l 
the point approach each other. The point at which they meet 
can be seen very clearly, and the water level is accurately deter­
mined. In the third method a small frosted lamp bulb was held 
<lirectly behind the water column, throwing the point and the men­
iscus into strong silhouette. Here again the m�eting of the 
point with the water surface is very clearly seen. Fig. 6 shows the 
meniscus an<l the pr,int at time of reading according to the third 

method. All three of these methods were compared for accuracy 
and there was no choice among them. 

PROCEDURE 

In preparation for a run the air was first blown out nf the 
venturi-meter connections and the zero reading was checked on 
the mercury U-tube of the venturi meter. Then the regulating 
valve was opened until the desired flow was obtained in the 1 2-
in. pipe. In the meantime the water�ualizing valve on the 
hook-gage pots had been opened so that a zero reading could be 
taken. Then the water-pressure hose from each gage wa., con­
nected to the desired orifioes, and care was taken to remove the 
air all along the water-pressure line. Before opening the line 
valves wide, the air pressure in the tank was raised until it bal­
anced the water pressure. After the line valves were opened to 
insure stable hydraulic ,conditions, 10 to 15 min. elapsed before 
taking any readings. Then two check readings were taken with 
about a 2-min. interval between. A reading of the venturi meter 
was recorded at the same time. 

With the readings of an orifice completed, No. 2 hook gage was 
connected to the next orifice to be read, while No. I was left con­
nected to the main reference orifice throughout the tests. As 
each orifice was connected the air was blown out of the tubing 
before starting to take a reading. 

Following a run, the flange bolts were removed and that section 
of pipe containing the piezometer section was revolved 180 deg., 
and anothe·r run was made at the same velocity and using the 
same reference orifice. Since the water-flow straighteners and 
stilling screens were not moved, it seems safe to assume that the 
water came down the pipe in much the same \\'ay for both runs. 
By averaging the results of the two similar runs the effect of 
oblique or turbulent flow on the piezometers was remoYed. 

Ftu. (j H r.:.,01su THE DIFFEHE:--;TI.\ 1.- Ptt1-::-1 . ..;L·u1::. Hn1JK-G , r ; E:  
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t\t the start, the reference orifices did not agree as 'ltell Mean velocity head computed from venturi deflection 
as might be expected. During the course or tests the four V'/2g 
reference piezometers were improved until at the end of 19 runs Q'/A,'2g 
they all read practically the same when they were located at the (venturi constant)• (deflection}/(A ,• 2g) 
same point with respect to the flow. After six more runs had been (5.66)• (0.95)/(0.6168) (64.4) 
made, the procedure in regard to revolving the pipe was aban - 0.81 rt. of water. 
doned, inasmuch as the same answer was ohtained by averaging Deviation difference in level/velocity head 
the reading of the reference piezometers. --0.007 /0.81 

DATA AND CoMPUTATIONS --0.9 per cent or the mean velocity head 

Three sample data sheets, which contain the data for one RESULTS 
complete set of runs, are shown in Tables 3, .4 and 5. The com- Table 2 presents a summary of all the results that were ob-
putations were made as follows, the first set �r readings in Table tained in this piezometer study. The more obvious conclusions 
3 being used as an example: indicated by this study are described in detail. 
Difference in level reference reading - test reading - zero Care in Making Connections. The utmost care is necessary in 

correction removing air and leaks from all pressure connections. In startinf 
1 .480 - 1 .379 - 0. 108 --0.007 the tests, the zero correction by water level did not check tha 

TABLE 2 RESULTS OF PIEZOMETER STUDY 
f?uN ""'" 

P1£.ZOl1ETER [RROR P1PE. 
No \tl0(1T'1 "1  •.t 13 � 

•�/xc. 

+ - 5"  e.s- REf -0.7 -0 8 - I  8 
, - e 7.3 a ,  o., I .1 
1 - ,  +.o -o.:r. 0.0 -l.l 

10- 1 1  7.0 - 0 3  -0.3 - 2. 1  
1:r.- 1-t 1.l. 0 1  o. , - I. I  
1 3 - IS +.o - o., · 0 $ - 1 .0 
u,- 18 1.:'o 0. 1 0.1 -0 3 

n - 1, +.o 

j 
0.1 o., -0 3 

U-1.1 1.2. - 0. 1  +.o 3.$ 
1.1-ZS 1.0 RU'. o., 3.0 +.l. 

ZI, 1.0 �· Rtf 0.8 o., 

1.1 1.1. -o., 0.l 0.1 

14 1.0 -0.1. I.O 0.8 ,., 1.Z. -0.1 0.1 o., 

30 7.2. 0.1. -o.+ o.+ 

51 -4.0 o.o -0.3 o.a 
31. 7.t.. 0. 1 -o., O. f 

33 -4.0 -0.1 -o.e O.l.  
::H 7.L -o., - 1.1 - 0 .8 

55" +o 0.0 REF. -0.8 - 0 1  

3" 7.Z. z .1 t., -o., fff.F. 

57 +.o 3.2. t 1  -0.1 �f.f ,. 7..2. •0.1 R�f - II -z. , 
3, +o 0.0 - 0.8 - t.+ 

10 1.%. ·3S 0.0 · 3.S .. , +.o -, z. 0.0 -1. ... 

11. 1.0 0.0 - 1.0 -0 8 

43 1.0 • l .t.. 0.1 -3 .Z. 

11 1.0 o.+ ffEf -o., - 0 . 3  

+r  1 0  -s:o 15:0 13.S ,. e 
1, ,.,s ..... , II. I IZ.l 11. , 

+1 "t.O 11,0 tu 17.t. " 8  

+e 1.0 1 1..1 11.5" ll.3 13.:r. .. , 7.05 -:SO.+ REf · 1 8.S -o. , 
50 7.0 ,.o 7.'1 -o.s 

SI 1.0 l . t.. .,.8 - II.+ 

SI. 10 - 1 .11 -o., -1.0 

n 7.0 o.o -1., -u 
5+ 1.0 o., REF -0.1 -0.7 

Non .. - Ru I� THE 
IIIPICATE P 

IN 1-'tR C t NT OF l ' 1 t.Atl VE.LOCITY 
•:r ., .., •e •10 '1 1  

0.0 0 %.  Ol. -0.3 - O S  3.0 
0.%. I .+ LO I .lo  1., 3.1 

-1 .+ 0.3 o.z - 1 .8 - 0.3 1.3 
o.z. 0.1 -0 .3  - 0 .1 • 0.6 (.1 

· 0.3 0.1 o.o o., - 0 1  •U 

· 0 1  o z.  0 0  -Q3 01 z. o  
· 0.,t 0 . .t · 0.2 - 0.l. - 0.3 l. 0 

-0.l. 0.0 OD 0.0 1.1 
J.e s., 5.0 s.+ 5. 3  8.3 

1.8 , .. , u +.,
. 

$., 11 . .t 
·01· z..o l.l. I.Z. OD 1..0 
1.1 1 .7 1 .5"  1 .0  O.l. 1..3 
1.0 1 ., 1 .z. t .t o.+ l..$ 
0.5 1.1 I . I  I . I  0.5 3.1  

1.7. 1 ., 0.5 o.:r. •0 .3 .u , ., 1.7. 0.7 0.1 -o . .t z..z. 
1 .5 1.3 OJ. O.l. -0.5' 5.1 

o-t , ,  o., - 0.1 - 0 .1 z.., 

u, 1 .1 0.5' -0.8 · 1 . 5  · I . I  

-0.t z.o 1 .0 - o.a -o., o., 

Z+ 3.0 z., 0.5 - 0.5" 1 .1 

' ·' 3..0 "0.1 0.8 0.0 l .t. 
o ,  0.1 - O S  - 1..1 -2 .3 -o., 

- 1 ., u o.o - r ., - z..o 0.1 

-t. , -o., 0.1 -,.o ,., 0.0 

-3.7 -o., u. 3.t.. t.O - 0.1 

-tu o., 
-1U -o., 
-32.8 - 1 .0  

13 .7. .... , l!H 11.9 -.u., 7.1 

10.3 8.1 II. I ,., - 11.1 "·' 
to e , .... 18.8 %0,8 -11.0 to.o 
IS.8 13.S 11.0 "- Z. -sz.z. 13.0 

-t., o.s -+.1 -11.e -s�o - 1., 

• 0.1. 0.8 -3.Z. O.t.. -zs., ·% . I  

u %.% - 1.8 - 1 .-t -19.0 - ll.7 

o.+ u 
0.4 o.s -11.0 ,n -I .II -ll.3 

OJ. 

Rt•UlNCE 01\ COMPl\ l'I ISON O�IFIC£ 
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H 1:.A1> 
•tz. •13 

_,., -7.5" 

-10., - 1., 

-'1.+ -7.5 

- 10 5 · 7. 3 
- 10.0 -�.1 

- , r -' 9 

- 1 1 .0 - � ,  
- ,.o - 1., 

-1.0 -o.s 

- 3. 1  - 0.1 
- ,.z. ·H 

-,.a -u 
- 8.0 -s.e 
-8.5 -5".7 
-8 ' - u  
-S Ii  - , .1 

-8 . $  - s., 
- 8  0 -·t.& 

- ,.8 - 1. 7 

- 7 .t  - s.a 

- ,. o 0. 1  

-811 0 . 5  

-3.5 -0 1 
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TABLE 3 SAMPLE DATA TEST SHEET NO. 9 TABLE 4 SAMPLE DATA SHEET NO. 10 

() (Piezometer Testa, March 6, 1928) (Piezometer Testa, March 6,  1928) 
Zt>ro Readings : No. l 1 . 583 l . 584 1 . 531 Zero Readings : No. 1 1 . 469 1 . 470 1 . 470 

No. 2 l . 475 l . 4i6 1 . 422 No. 2 1 . 361  1 . 361 1 . 361 
Diff. 0 . 108 0 . 108 0 . 109 Diff. 0 . 108 0 . 109 0 . 109 

Piez- Refer- Venturi Mean Devia- Piez- Refer- Venturi Mean Devi&-
ometer ence Test deftec- Difference velocity, tion, Re- ometer ence Test defleo- Difference \'elocity, tion Re-
No. reading reading tion of level H per cent marks No. reading reading tion of level H per cent marka 

4 1 . 480 1 . 379 0 . 95 --0 . 007 0 . 8 1 4 1 . 543 1 . 432 0 . 97 0 . 002 0 . 83  
80 80 --0 . 008 -0 . 9  42 31  0 . 002 0 . 2  

3 1 . 478 1 . 377 0 . 94 --0 . 007 0 . 80 3 1 . 531  1 . 413 0 . 97 0 . 009  
77 77 --0 . 008 --0 . 9  28 09 0 . 010 1 . 1  

2 1 . 529 1 . 423 0 . 96 --0 . 003 0 . 82 2 1 . 512 1 . 398 0 . 97 0 . 005 
32 27 --0 . 004  -0 . 4  10 96 0 . 005 0 . 6  

5 1 . 5� 1 . 4 1,4 0 . 95 0 . 001 0 . 81 5 1 . 490 1 . 384 0 . 97 -0 . 003 
23 13 0 . 001 0 . 1  89 83 --0 . 003 --0 . 4  

6 1 . 535 l . 425 0 . 96 0 . 001 0 . 82 6 1 . 474 1 . 361 0 . 97 0 . 004 
33 23 0 . 001 0 . 1  70 58 0 . 003 0 . 4  

7 1 . 521  1 . 4 19 0 . 97 ----0 . 007 0 . 83 7 1 . 452 1 . 3385 0 . 97 0 . 0045 
20 18 --0 . 007 ----0 . 8  50 37 0 . 004  0 . 5  

8 1 . 514 1 . 412  0 . 96 --0 . 007 0 . 82 8 1 . 434 1 . 321  0 . 97 0 . 004 
1 1  09 --0 . 007 .. --0 . 8  32 19 0 . 004 0 5 

10 1 . 504 1 . 406 0 . 96 --0 .0 1 1  0 . 82 10 1 . 4 16 1 . 300 0 . 97 0 .  007 
02 05 --0 . 012 -1 . 4  15 1 . 299 0 . 007 0 . 9  

1 1  l . 492 1 . 375 0 . 96 0 . 008 0 . 82 1 1  1 . 406 1 . 272 0 . 97 0 . 025 
9 1 73 0 . 009  1 . 0  04 70 0 . 025 3 . 0  

13 1 . 4'56 1 . 4 15 0 . 96 --0 . 068 0 . 82 13 1 . 373 1 . 3 17 0 . 97 --0 . 047 
54 13  --0 . 068 -8 . 1  72 16 --0 047 -5 . 7  

12 1 . 424 1 . 405 0 . 96 --0 . 090 0 . 82 12 l . 341  1 . 3 13 0 . 97 --0 . 091 
24 05 ----0 . 090 -1 1 . 0 39 1 1  --0 . 091 0 . 83 -1 1 . 0 

4 1 . 481 1 . 373 0 . 30 --0 . 001 0 . 25 2 l . 455 1 . 344 0 . 30 0 . 002 0 . 25 
66 59 --0 . 002 --0 . 6  54 43 0 . 002 0 . 8 

3 1 . 4465 1 . 340 0 . 30 --0 . 0025 3 1 . 455 1 . 343 0 . 30 0 . 003  
435 37 --0 . 0025 -1 . 0  

55 43 0 . 003 1 . 2  
2 1 . 426 1 . 317  0 . 30 0 . 000  4 1 . 430 1 . 321 0 . 30 0 . 000  24 15 0 . 000  0 . 0  27 18 0 . 000  0 . 0  
5 l . 374 l . 280 0 . 30 --0 . 015 5 1 . 451  1 . 339 0 . 30 0 . 003 

74 80 --0 . 015 -6 . 0  51 40 0 . 002 1 . 0 
352 1 . 24,4 0 . 30 --0 . 001 6 1 . 468 1 . 359 0 . 30 0 . 000  
51 43 --0 . 001 -0 . 4  67 58 0 . 000  0 . 0  

6 1 . 328 1 . 220 0 . 30 --0 . 001 7 1 . 468 1 . 3585 0 . 30 0 . 001 
26 18  --0 . 001 -0 . 4  69 59 0 . 001 0 . 4  

8 1 . 356 1 . 249 0 . 292 --0 . 002 8 1 . 472 1 . 362 0 . 30 0 . 001 

0 
54 46 --0 . 001 7 1  61  0 . 00 1  0 . 4  
52 45 --0 . 002 --0 . 8  10 l . 473 1 . 362 0 . 30 0 . 002 

10 1 . 450 1 . 343 0 . 30 --0 . 002 73 62 0 . 002 0 . 8  
485 42 --0 . 0025 -0 9 1 1  1 . 477 1 , 363 0 . 30 0 . 005 

1 1  1 . 434 1 . 323 0 . 30 0 . 002 77 63 0 . 005 2 . 0  
34 23 0 . 002 0 . 8  13 1 . 439 1 . 348 0 . 30 --0 . 018 

13 1 . 4355 1 . 347 0 . 30 ----0 .  021 38 47 --0 . 018 -i . 3  
365 48 --0 021 -8 4  1 2  1 . 4 12 1 . 325 0 . 30 --0 . 022 

12  1 . 456 1 . 370 0 . 30 ----0 . 023 12 25 --0 . 022 -8 . 7  
58 72 --0 . 023 -9 . 2  

• No. 1 up. Run No. 16. • No. 3 up. Run No. 18. Conditions as in No. 16. 

b No. 4 leveled and carefully squared. Found surface projected b Xo. 3 up. Run No. 19. Conditions as in No. 16. 

0.005 in. 
• No. 1 up. Run No. 17. Conditions as for Xo. 16 .  TABLE 5 SAM PLE DATA SHEET NO. 1 1  

(Pieaometer Tests, April 7 ,  1928) 
found by the machinist's level by 0.002 ft. A bubble of ai r Zero Readings: No. 1 1 . 584 1 . 570 
about the size of a pea was worked out of one of the pipes, and No. 2 1 . 478 1 . 464 
thereafter the readings were checked. In another case the l'E'ad- Diff. 0 . 106 0 . 106 

inga of one test on piezometer No. 5 with an opening of 1 / 1 1  in. 1 1 . 433 1 . 327 0 . 93 0 . 000  0 . 79 

were lower by 0.005 ft. than those of a previous test under identi- . 33 27 0 . 000  0 . 0  
3 1 . 433 1 . 336 0 . 93 --0 009 0 . 79 cal conditions. The trouble was found to be a leak in a pressure- 33 36 - . 0009  -1 . 0  

tube connection, and the quantity of water escaping was only one 4 1 . 455 1 . 355 0 . 94 --0 . 006  0 . 80 
drop per second. 56 56 --0 . 006  --0 . 8  

Ezpre&sion of Errur. An examination of the results, Table 2, 10 1 . 337 1 . 579 0 . 93 --0 . 345 0 . 79 
37 79 --0 . 345 -43 . 7  indicates that the error of any piezometer remained constant 12 1 . 3i3 1 . 546 0 . 95 --0 . 279 0 . 81 

when expressed as a per cent of the velocity head. Runs were 72 45 --0 . 279 -34 . 4  

made at two velocities, and for like conditions the percentage 11  1 . 545 1 . 437 0 . 95 0 . 002 0 . 81 

errors remained constant within the limits of accuracy of measure- 45 37 0 . 002 0 . 2  
13 1 . 133 1 . 696 0 . 9 1 --0 . 67 1  0 . 78 d ment. As might be expected, the error of a piezometer is caused 33 96 ----0 . 67 1  -86 . 0  

by the local water velocity passing by the orifice, and the error 
• So. 1 up. Run Xo. 42. Conditions as in No. 16. therefore is correctly expressed as a per cent of the local velocity 
b •/.-in. bole, but with 45 beveled sides. Plug projecting '/ 1 in . head at the piezometer. A partial traverse made with a teaball • Pitot tube rated at oenter of pipe. 

piezometer proved this to be a fact. But due to the difficulty d Tea-ball pieaometer at oenter of pipe. 

u 
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of determining the actual velocity of the water immediately 
adjacent to the pipe wall, except where noted the piezometer 
errol'II in this report are expreaed in terms of the mean velocity 
head existing at the test section. (See Figs. 7 and 8. ) 

Oi •tonce from For Sid• of Pipe , ?re hes. 
F10. 7 Mux or Foua Prro11sn:a TBAVERAEB or TB• 12-IN. P1PE 
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Per Cen, of Pope D from for !ode of Pope 
.. JG. !> lNBTA.NTA.NSOCB VELOCITY Ct" H\. E9 IS :,;TEEL PIPE" 

Dotted triaa1lea, tO-ia. tab•culated ltttl_ �D9ol_OC'II: , pipt' fa'"'°!· --0 ':V 
Dotted rircleo, 12-ia. -II oucl pope , pope lactot", · · 0 11.'>. 1 

.4�,., of &ferma Piaometere. Aa tir11t iD11talled, there 
•·ere variations u high u 4 per cent among the four reference 

piezometel'II. In removing theae discrepancies a great deal waa 
learned about the action of square-edged orifices. 

Bu1T. From a study of the results of runs Nos. 10 to 19, in­
clusive, Table 2, it is seen that orifices Nos. 2 and 3 actually 
changed 0.4 per cent due practically entirely to the removal of 
the burr, since the surfaces of theae piezometel'II were little 
changed. This burr was not on the surface of the piezometer 
plug, i.e., projecting into the flow of the water, but overhung the 
hole of the orifice about 0.001 in., and was cawied by the dragging 
effect of the file when tbe orifice plug was being dressed down to 
the pipe surface. 

The presence of this burr was expected, but following the filing 
proceBB a piece of hardwood that fitted very mugly wu forced 
and twisted into the hole, and it wu thought that the burr wu 
removed by this treatment. To the un&88isted eye the edge wu 
smooth and square. The true state of the orifice edge wu seen 

0 L...--....L---.I.---....I----L..--....1---..&...--' 
0 0.1 0.2 0.3 0.4 O.!', 0.£, 

Pr OJect ion of' On�1 ce .  :nches 
•·10 .  9 ErrE<'T or PRoJIC<'TloS or OR 1ru ·,c Pl.t 'O  Uros PRESIICR• 

R&ADlS08 

::>. p,h o•� g•-= e �s :,.. Per-�C•r ,+ of P lu� D 
t'to .  10 1-:rr&• 'T 1 1r R&• ·s•&o P1&&.un:T&a  Pu·u  

0111�· un, lrr a mirr, ..,..opt• arul wu n-m.-.li.-.1 "'·ith a fine rat-tail 
Iii,• 

. , u rfurr J,", ,.i•h of /'l ug. In examinin,c tht' l't'rt'rPnce orifices 

uu, l,·r a l.,mu,·ular mirr1N1C"oJN" i t ,,,.118 notal that the surface left . 
u11 t h.- piezomPter plu,: by a BIJJIM>th file wu relatively rough. 
Th.-r1•fore whil.- t ht- burr Y,"118 remu\·eJ fn,m all aquare-edged ori­
fir,-a, thP •urf,..-.-s or piezometeni Sus. I ,  2, anJ 4 Wl're polished 
"' it h  rr,.M"ua rluth and the surface of So. 3 wu lert untouched. In 
•ut ...-quPnt t.NUI it ,,,.u notet.l t hat So. I anJ So. 3 ga\·e the same 
n·a, l ing wlwn in the ll&Dle place. :-inre one wu polished and 
t lu· other wu not, it would inJit"&te that a piezumeter plug ia not 
111•11,utive to minute abruiona on iui 11urface. 

/ ' rujeawn of Plug. Probably the greatest auurce or error wu 
t hat t"&Wled by thl' orifil'e plu,: projeeting beyond the surface of 
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t lw p ip•· .  Ori f ir l ',< :'\ns .  I :!  and 1a  wl' rr purpost· l .,· projl'c ' t f ' c l ' . ', 
i n .  and 1 16 i n . ,  rf '�J JPf · t i \·p)y , aru l t hr av<'raJ(P f'rror WU..'-' found to 
1 ,r 1Lhou l  1 0 .0 pP r c ·Pnl  an , I  i .4 prr rrn t .  I n  t he fi rst frw 
runs or i l irr :'\ o . - I had a :! .:!  prr <'f'ltt rrror .  This Willi latrr 
rr, lu <'rd tn · I . I  I l l ' ! '  c ' l ' l l f ,  hut t hf> r1•1Ls1m for t lw  im prn,·t•mrn t 
was not gm•ssr c l  al t he time. Finllll�· the t rur rrn.�on for t lw 
c l iserrpaney was 1111rmisPc l .  It was found that t h«• rrntrr o� .t h.' · 
nr i fi<'e plug projl'l' l l'c l 0.()( 1/i in .  h1·�·nnd the pip«' surfa<'r .  I Ins 
surface was lcn•lcc l as near as po!!Sihll', and the error was c h•­
r r«>ase, l to -0.3 per cent. In Fig. ! I  t he negath•e error, expressrd 
as a percentagr of the lo<'al vrlocity head, is plotted against t hr 
projection in inches of the piezometer plugs. It wil l  be noted 
t hat the curve at first rises rapidly from the origin. Then, in 
Fig. 10,  the effect of allowing the piezometer plug lt> he recessed in 
the pipe wal l  is noted. Here again the curve rises very abrupt ly 
fmm the origin .  This should emphasize the great importan<'c 
of getting a piezometer plug or plate ahsolutely flush with the 
penstock wal l .  

Final Agreement of Reference Piewmeler.•. \\'hen the  known 
sources of error were removed, the four 1 / .-in .  square-edged ori­
fices checked each other to well within 1 per cen t .  Further, t hP  
discrepancies remaining arc largely due to oblique or turhull'n t  
flow o f  the watl'r  since piezometers :\' o .  I an, 1 X 1 1 .  3 rhcrk rach 
ot her to 0. 1 per eent when in the same place, i . e . ,  when t lw pipP 
was rolled o,·er, hut thrre is a \'ariat ion of 0 .5  pl'r ,· . .  n t  l u ·t w1•r,n 
t hem on opposi t e  11ides of the pipe. 

Size of Orifice. From_a comparison of performa1 1 C "e of piezonl l ' ­
ters Xos. 1 t o  8 and including Xo .  5.-1 , Tahle 2 ,  it  is seen t hat 
within the limits tested the error of a pil'zomctcr is not a fune t i 1 1 n  
of the  size of the  orifice. A l l  these piezometers mutual l�· l 'ht • c ·k 
wi�hin 0.7 per cen t .  The variat ion in size hrt we<'n t h l '  pirzon l C ' ­
ter orifices was from 1/,o  in .  to :r. ;. ,  in .  I t  may be not r, I ,  how­
C\'er, that a very small orificl' , such as :Xo. 5, whil'h had a 1/,.-in . 
hoie, may be ovenlamped and sluggish in action, leading to Nro11P­
ous readings, sinre the operator assumes that the reading is cor­
reet because it is steady. Also t he effect of a minute leak in  t h,• 
piping may cause a con,.ic lerable error in t he reading in thP smaller 
piezometers. 

l,ength of Stra ight Piezometer Tube. Referring to Fiµ; .  1 0 , an­
other factor governing the performance of piezometers is brought 
out. I n  addition to i l lustrating the fact that the piezomet rr pluµ; 
must be flush, this cun·e shows that th«' pirzonlf 'ter orifice that 
pierces this plug shoul c l  he l'ont inurd for onr two cliamctcrs in t o 

the plug before i ts  shape is changec l .  This fact is of great im­
portance when piezometers arc constructecl i n  t hin wa l l  pipr. 

Piezometers With Rounded Edges. Orifices Xo. IO u.nc l  :'\ o. 1 1  
were ma.de with 1 / .-in .  holes and a radius of rounding on t he ecl11:1 · 
of 1/,o in. for :Xo. 10  and 1 .1 8 in .  for Xo.  I I .  It is Sl'NI that Xo. I l l  
checks the  standard readings very consi,itently an c l  arcurately 
throughout. Xo. 1 1  has a posi t ive errc,r of 2. 1 per ern t .  Piezoml'­
ter :Xo. 10 was rescraped because it  lookecl rough undl'r th" 
microscope, yet the performance of the orifirc, WILii 1·hangrc l 
very slightly. The relati\-ely large rac lius of rounc l inµ; on t l l f '  
edgl' of piezometer Xo. 1 1 apparently allowec l thf' watrr t o  l'c hl�· 
into the opening to gi\·1' a small positive rrror. A rounding of 
1/ 1 0  in .  and of 1/., in .  on a '/.-in .  hole ga\'c th,• same results as t h, ·  
standard orifices. From these results, for a rormnercial sta11 c larc l ,  
a piezometer having a 1/8- in .  hole and a 1 /.,-in. radius of rouru li 1 1g 
is  recommended for small pipes, while for larger pipP.s " piewmP­
ter having a ¼-in .  hole and a 1 /1 0-in. rounding is recommcndPc l .  

Effect of Pipe-Wall Ro1tghness on Piezometera. I n  runs Xos. 
22 to 39, inclusive the effect of various combinations of wull 
roughness on the piezometers was studied. In  runs Kos. 2:! 
to 25 inclusive a single tubercle made of tar, 1 ¼ in. in  diameter 
and ¼ in. high, was placed 1 '/, in. on center line in front of earh 
of the test orifices. It  will he noted that the effect of such a 

largl' t uhercle i mmediatPly upHl ream from the piezomet er was 1 1 1  
,·ause a po11i t in, error o f  about 5 JK'r t·Pnt .  Various ot hrr arra11g1•­
men t s  of tubercles were trir•c l ,  a., will , ,.. noted in Tahir 2. l l ow­
evrr, the «-ffP<·I of a, ldinµ; rowH of t u l H·rc·h•s UpHt rPam from t l , r •  
pirzometcrs, as shown in Fig .  I I ,  iH t o  ri- lu«•e thr, l'rror 11: rad 1ml ly 
unt i l  i t  hcr·omrH �l igh t ly ncii;at i\' f ' .  1 .r•a\' ing 3 in . of drall and 
smooth pipe wall  hPtwren t h,• orili c ·1• all c l  an�· roughneHH or  t u­
hcrdes was suflirirnt i1 1  t h1•SI' tests t o i l lsurc, rorrert r«•ac l i ngH. 1 1 1 
«·ommerrial pra•· t iP«•, thrreforc•, it would srcm that if a st r ip of 
pipe wal l about  6 i n .  wide 1u1 1 l  1 2  i l l . 1 1 1 1strcam from the orifirl' 
was s«·rape, I smoot h ,  rorrer t rr111i l t H  woulc l he as,mre<l . 

In runs Xos. 38 an, !  :m st ri1,s of 1 ,-in. -mf'llh wire B«'reen were• 
laid o,·er all trst ori fi<·Ps, 1L� Mhown in Fii,:. 1 2, anc l thr l'ffect for 
t he most part was a ,·c•ry sliii;ht ly il lrrell.Ml'd nrgat i vl' rl'a<ling. 
This r ·hl'rkPd th«> act ion of a _large numh«•r of t uhPrCll'S in t he 
pipe, imm«'c l iat rly upstrram from thl' orifirr. 

E(rect of IJ 'l, irli1 <g Wnlrr. In  runs Xos. 40 anc l 4 1  and :'\os. 4.'i 
to 48, inrlusi,·,• , t he rffl'rt  of whirl ing wat er upon t hi' pir,zomPl l'rH 
was st ud ied . (:,;r,,• Fig. I a .  I Tll f '  rr•f1•r«•n<'< '  ori fice in th is 1·asl' 
was the so-ealll'd tea-hall pi<'zomnt rr ,  whi, ·h was rated and hl'ld 
at the rl'nter of t hi' pipe for t hrSI' t ests .  Thi' only 1•1,nrlusi1J 1 1  
t hat 1·an he d rnwll is t hat  un c ln s ,wh cond it ions larii;e posi t i \' f •  
errors ran he oht : i in«>c l .  1ll'fl' rrin11: to Fiii;. I 8 ,  t hf> «'ffl'1 ° t of whirling 
wat l'r was t.ril 'd upon th ,• 1 2- in .  h�· Ii- in .  \'l'n t ur i  mrt«•r. In th i s  
1·11sl ' i t  w i l l  1 11• sc•rn t hut  t hr 1 •opff ir iP1 1 t  ,,f t he ml'tPr was im·rl'asrc l 
at low d isr·hargl'S and dN°rl'as1•d at t hl' high disrharµ;Ps. 

l 'r1·., . . ,, ,.e /Ji.s lrilmt iu11 /frlmr a U rrlll'l'Jl!I l "11/r£·. In runs Xos. 
49 to 5 1 ,  inclusi ,·r , t h«• rffrr· t upon t hr pil'zom<'ters of a lmtterfly 
\'ah·r abo\'e the test sect ion was studied. Thi' \ 'ah-e was 12 i l l . 
in diameter an,! 2 1 , '2 in .  t h ir·k , and moc lelec l after thr but terfly 
d isks whirh a rc in  common rommrrr·ial usr. The cPntrr l i rl f ' 
of t lw hut t Prfl .,· ,·al \'e wa11 lo1·atl' c l  0 .5 ft . ,  1 .0 ft . ,  and 1 . 5 ft . ahu,· , ,  
t I l l '  rPn t f 'r l in l '  of the pir1.11m«•tl'rs. Thi' prrssurl ' d ist rihutioll 
founcl at  the piczometl'r sN·tion <lu ril lg th«'se tests was \'Cry differ­
ent from t hat rxisting wit h smooth watl'r-flow ronditions. Thi' 
Prrors are errat ir  and sometirnrs relatively large. The data a\'ail­
able do not indicate any remrdy for th is condition except to take 
a greatrr distanrc hetwren th,• hut tl'rfly \'alve and the piezomet«>r 
�fl'rt inn.  

In.,rrted 1'11 /,... Thi' inH1•r tl'c l t uhr, whi«·h is  shown in  Fig .  1 4 ,  
was rated l, y  plaring i t  a t  t he ce11 tr r  o f  thr pipe with i ts axis paral-
1,•I to that of thr pipe. The error was found to be 0.3 per cent ,  
whirh is an  exa<·t eher·k w i th  th«>  rrfl'rPn<'e orifices. The  error 
hrrame · -i.O per rPn t ,  howe\'er, whl'l1 t hl' t uhe was rotated ahout 
IO de11:, out of its p roprr posit ion.  It is therefore evident t hat 
s1 11·h a pirzometer must he usr, I wit h t he greatest care. 

A tra\'erse was made across thP pipe with this tube. The de,·ia ­
t ion was from - 1 .3 per cent  to + 1 . :3 per  cent and directly propor­
t ional to the t ru e  posit ion. This c lcviat ion is prohahly accounted 
fur h�· the fact t hat the water flow w·as not ahsolutely smooth ancl 
axial . Quant i tat i \'cly, the t ra\'erse in,licate,1 t hat thf' preHSure 
l l l'ac l is const a11t all across the pipe. 

Tnz-/Jall l'iezometrr. This type of piezometer, i l lustrated il l  
Fi11:. 14, was ratec l at the cl'ntl'r of t he pipe an, ! showed a larµ;c 
l ll'gative error. While it docs not rPad the trur pressure hrac l ,  
i t  i s  not  sensi t ive to the direct ion of t hr water flow. 

( 'm1iet1 l l'i1•zo111 1·t,•r.•. As thr naml' im pli1•11, t his type of piezome­
trr, i l l u11t ratt>c l  in  Figs. 15 and 1 6, ronsi11ts of a cone whir.h pro­
jects i n to  t he watrr flow, with the l lrifil'e l ocated at the apex of 
the l'onc. \' arious angh•s of the side of the cone with the flow 
of the water from 0 dri,:. to 9() deµ;. wen, t rit•d , hot h at the wall an,! 
mounted on a rod in  \'arious parts of thr pipe. \'cry large nega­
t ive effrcts  Pan he obta ined in t hi.� man ner up to as much as 1 5  
t imes the !oral ,·eloC' i ty head acting at the apex o f  the ront> . 
l lowe,·rr, whrrc,·er one of these roniral piezometers is usec l ,  it 
must he rntec l , as t hi '  anwunt of t hl' nC'gat i \'e effert r·annot he 
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of t he water st rikin� t he side of the t ip is directly proportional to 
the ,·eloci ty  of t he water at t hat point . Inasmuch ns t he Yelocity 
is constant ly changing in t he t raYersc t here is a di/Terence in pres­
sure f rnm t he hot t om of t he cone and t he apex which is dependent 
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2 The size of the opening h as  no effect within the limits 

INited, whi<'h were from 1/win. to 27 /,rin. opening and mean ve­
locities up to 7.3 ft. per sec. in a 1 2-in. pipe. 

3 A true square-edged orifice is accurate, but very sensitive 
t{) slight changes in construction and position. 

4 A standard piezometer plug or plate must be absolutely flush with the conduit wall. 
5 A piezometer that projects beyond the pipe-wall surface 

has a large negative error. 
6 The burr must be carefully removed from a square-edged 

orifice. 
7 A piezometer plate or plug is not sensitive to minute abra­sions on its surface. 
8 A piezometer orifice must continue with parallel sides for over two diameters into the plug before its shape is changed. 9 The inside penstock wall should be scraped clean for at least 1 ft. upstream from a piezometer. 
10 The piezometers to determine true pressure head should not be installed where there is any chance of the water whirling 
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FIG. 18 TESTS OF 12-IN. BY 6-IN. VENTURI M ETER 
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F10. 19 TESTS OF 12-IN. BY 6-IN. VENTURI METER 
(Order of tests: Curve 1. as used in piezometer study ; curve 2, with tubercles 

removed ; curve 3 ,  with inlet piezometers improved.) 

in the pipe or immediately downstream from an obstruction, such 
as a butterfly valve, a rivet head, or a plate joint. 

1 1  An inserted tube pointed on the upstream end and with 
piezometers on the side gives a correct preBSure-head reading, but 
it is very sensitive to angularity. 

12 A tea--ball piezometer has a large negative error, but it is 
not sensitive to the direction of flow of the water. 

1 3  A conical piezometer has a very large negative effect, but 
must be used with extreme care and calibrated. 

14 An orifice with a large radius of rounding has a small posi­
tive error. 

15 An orifice with ¼-in. hole and 1/,.-in. radius of rounding 
is recommended for standard practice. 

Discussion 

ARTHUR L. CoLLINs. a The work of the authors on piezome­
ters has been made public at an opportune time, and the 
information should be a valuable guide to engineers who are 
interested in measurements where they must make use of pres­
sures obtained through the piezometer. 

The authors have stated that the object of this investigation 
was (1) to determine a stable type of piezometer suitable for use 
as a standard in commercial work and (2) to determine those 
factors which have the greatest bearing in obtaining correct 
results. It does not appear that the first object has been satis­
factorily accomplished, because the data do not indicate how a 
piezometer can be constructed so that it will provide a means for 
taking a pressure measurement without the measurement being 
affected by the velocity in the pipe. It will be a matter of coinci­
dence when such a piezometer is discovered. This is apparent 
since the reference orifices when first installed had variations as 
great as 4 per cent between them. Even then there was no way 
to prove that all four piezometers were not in error. 

In some classes of measurements where the piezometer is 
depended upon , such as the pitot tube, orifice plate, and venturi , 
and where the low differential pressures are required in pipe-line 
tests for coefficient of roughness, these errors are very important. 

Difficulty in obtaining an ideal piezometer may not be the 
fault of the design of the piezometer so much as it is the rolling 
action of the water at the pipe wall. Under a normal flow, where 
the velocity distribution is unaffected by various factors, the 
slope of the distribution curve has a tendency to follow the pa­
rabola. Under tbis condition the liquid probably strikes the wall 
in a direction oblique to the axis of the pipe. 

The failure of the piezometer to function accurately has already 
had its effect upon many hydraulic problems. For example, it 
has prohibited to a large extent the use of the pitot tube, which 
should be one of the simplest and most accurate instruments that 
can be used for flow measurements in pipes. Also, the pie­
zometer is bringing into disrepute in many cases measurements 
made by the orifice plate y,-here 'it is used on the end of a pipe as a 
nozzle or between the flanges, and the taps for the piezometer are 
made by tapping into the pipe. In the orifice plate the way to 
minimize the effect of the piezometer on differential preBSure is to 
have a high ratio of pipe diameter to orifice diameter. Of course, 
the objection to the high ratio ie the loBB of head and diBSipation 
of energy through the restricted area. 

The manufacturers of the deep-well turbine pump in California 
are the most extensive users of the orifice plate for field tests. I t  
was introduced to them about 1 920. The end orifice plate is 
generally used with a low ratio of pipe diameter to orifice diame­
ter, in order not to build up a false head on the pump being 
tested. The piezometer is drilled in the field, and of course may 
create readings which are far from correct. Where the differential 
head is only a few inches ,ind the initial pipe velocity is quite high, 
the measurement cannot be very reliable. However, innumer­
able acceptance tests are made with the orifice plate, and the 
results are not questioned, because some reliable company is 
credited with having calibrated the orifice plate under laboratory 
conditions and found it to be correct. Such tests mislead both 
the manufacturer and the buyer, and no doubt will be abandoned 
when better methods of water measurement are introduced. 

A few examples of how the piezometer has affected the general 
information on pitot tubes will be called to attention. The A.S. 

• Consulting Engineer. San Francisco, Calif. 
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M.E. 1-luid Meter Bulletin, Part 1 ,  1924, pages 39, 40, and 42, 
ill118trates by Fi�. 17A ,  1 7B, 18 ,  19,  2 1 , and 23 , types of tubes the 
reliability of ,.-hich can now be judged by these piezometer 
studies. The A .8.M.E. Power Teat Code of 1926 particularly 
recommends 17B. The coefficient for this tube is given as 0.98. 
No doubt the 0.02 correction is due to the piezometer, and the 
value may change depending upon vario\18 conditions. It is 
noted that in the revised Third Edition, Part 1 ,  193 1 ,  the 17B 
design is now shown on page 42 , Fig. 17 ,  and the coefficient has 
not been mentioned , but multiple piezometers are recommended. 

The next example is the Testing Code, approved by the 
Machinery Builders Society, dated Oct. 17 ,  1917 .  Under Pitot 
Tubes it reads: "The static pressure over the cross-section shall 
be measured by from four to eight carefully constructed pie­
zometers." . ."and condition of piezometer orifices shall be 
such that no piezometer shall vary its readings by more than 10 
per cent of the velocity head from the average of all piezometers." 
Then the code further states that after the measurement has been 
conducted the velocity is multiplied by 0.976 to correct for 
oblique or sinuous flow. 

Inasmuch as an error in the piezometer due to the velocity 
means an error in the measurement ,  one is now also able to judge 
to a certain extent the risk taken in a pifot-tube measurement 
when the piezometer is ·118ed. It is quite noticeable that the 
pitot-tube coefficients are less than 1 .00, which naturally favors 
the waterwheel manufacturer, inasmuch as a low measurement is 
in their favor. However, the pump manufacturer in a perform­
ance teflt is on the other side of the fence and favors the high­
capacity readings, and should demand a tuhe coefficient of 1.00 
pl118, to be on the safe side. 
• In the writer's field experience with the pitot tube he has 
proved that the type of tube using the piezometer in the pipe wall 
will give readings which may be in error as much as 5 per cent. 
This error is not permissible, and since the method is specified 
in the Power Code , it practically prohibits the use of the system. 
In order to overcome the handicap offered by the piezometer, it is 
necessary to use a type of pitot tube where the piezometer feature 
has been eliminated. 

There is another point worth mentioning along this same line. 
The pitot-tube traverses shown in the paper apparently were 
taken with the overhung type of tube which crowds the water to 
the opposite side. On one side of the pipe the velol'ity will be 
much higher than the velocity on the other side of the pipe, due to 
the insertion of the tube. For that reason the curve of velocity 
distribution does not indil'ate the true velocity in the pipe. As a 
matter of general information the writer would like to ask for a 
description of the pitot tube and its coefficients. Is the coeffi­
cient the same for the 1 2-in . pipe and the 40-in. pipe? 

F. G. 8w1TZEK. • The measurement of pressure certainly 
seems a very simple thing at first, but it needed further investiga­
tion to bring out some of the difficulties. The authors deserve 
credit for a difficult job well done. 

In the connections from the pressure tap to  the pressure­
measuring device such as a water or mercury column , it is custom­
ary to insert a valve, whieh is partly <'iosed , to reduce pulsations. 
It should be noted that su<'h praetice may introduee errors which 
mount rapidly with inereasing tendeney to pulsation. Pulsations 
are usually not entirely eliminated , hut merely redu<"ed to a point 
where accurate observations of eolumn height may be made. 
Hence there is flow back and forth through the throttling valve. 
Loss of head through this valve is proportional to nearly the 
square of the veloeity. Velocities above and below the average 
will therefore be damped hy different percentages. The average 

• Professor of Hydraulic Engineering, Sihley School of Mechanical 
Engineering, Cornell Gni\' raity, Ithaca, X. Y Mem. A.S.M .E. 

pre&IIUre on the manometer Bide will not be quite the aame u the 
average pressure in the pipe under ol-rvation. While thia 
difference may not be great, ita presence may be noticeable ill 
work of a high degree of accuracy. Some method of VUIC0\18 
damping is much to be preferred. One method of accomplishing 
this is to insert a bundle of fine wire into a short aection or the 
connecting tubing. This makes the removal of air hubblee very 
difficult, no matter how the piping is arranged •ith air vents. It 
is not to be recommended unless extreme care is U8ed in installa­
tion and observation. It is suggested that a more practical 
method of securing visco\18 damping be devised. 

°ᖵ� For measuring air pressures, an entirely different device bas 
been U8ed which apparently can be made to measure pressures in 
liquids also. No reference. to this device can he cited. It 
consists of a tube with a large number of small holes drilled 
through the walls from all directions. Around that portion or 
the tube there is wound a cloaely coiled helix of fuzzy material 
such as twine used for tying up packages. Tnis arrangement has 
been U8ed in experimental ""Vork at Cornell lJniversity with great 
success. Its chief advantage is that it <'an be U8ed anywhere in a 
flowing stream and is not directional , no matter in what direction 
the tube is placed ,.ith respect to the flow lines. This makes 
it possible to measure pressure dist ribution in any cross-section. 

E. B. STaowGER. • Although according to the writer's experi­
ence it has been customary to insist on rather rigid specifications 
for the installation of piezometer openings, yet to date there 
seemed to be available no defirjte information as to the errors 
introdueed by vario\18 modifications. The paper quite definitely 
establishes the effects of various modifications in the piezometer 
ope:::ing, some of which may be either artificially or accidentally 
produced in the ordinary course of const ruction. 

Of the conclusio� stated by the authors, those numbered 8, 9 , 
and 1 5  are perhaps the outstanding one.s from a practical view­
point. These three conclusions are concerned ,.ith the length of 
the orifice wall , the condition of the penstock wall jll8t upstream 
from a piezometer, and the rounding of the orifice edge to prevent 
burrs. The results found will serve to preclude controversies 
on these points. 

The possibility of errors in head measurement due to the 
vagaries of the individual piezometers indicates the advisability 
of having more than one piezometer at the section where the 
head is to be measured, and also indicates the advisability of 
bringing each piezometer pipe separately t-0 the head-measuring 
instrument rather than joining the piezometers to a piezometer 
ring. 

The use of a throttling valve in addition to a shut-off valve in a 
piezometer line is perhaps worthy of note. "Where the pressure 
to be measured may have a variation in one direction for a certain 
length of time, the use of a gate valve for throttling may introduce 
a serious error in the pressure .readings. This condition may be 
exemplified by a piezometer line to a penstock which is connected 
to a surge tank,  a gate valve for throttlinp: purposes being in the 
piezometer line. If the valve disk is nearly closed, it may be­
come lo<'ked closed by the aetion of the rhanging pressure tend­
ing to deflect the disk over attainst the se1tt and th\18 cut off more 
or less completely the opening to the penstock. One pre­
caution is to drill a hole through the center of the disk to insure 
a positive opening under all eonditions of throttling. 

It should be pointed out that the function of piezometers for 
use in connection with taking Gibson diagrams is somewhat differ­
ent in principle from their function in measuring absolute pressure 
head. In the former ease, the piezometer is used for transferring 
the supernormal pressures existing in the penstock b.y virtue or 

• Assistant Hydraulic Engineer, Buffalo. :-;iagara & Eastern 
Power Corporation. Buffalo, X. Y. 
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the water hammer produced by destroying the momentum of the 
water. Any Blight modification of the piezometer opening while 
changing the abHOlute head reading for "steady state" conditions, 
in the caae of the diagram, only results in altering the position of 
the "running line," the impulse area recorded being unaltered. 
This has been established by many experiments, using combina­
tions of various piezometers located around the periphery of the 
pipe on the piezometer sections. 

JoHN W. BRAS1to. • Due to the care which must be exercised 
with piezometers, the writer is eurious to learn what results, in 
the opinion of the authors, may be expected from the use of a 
piezometer consisting of a 1/rin. H pipe nipple screwed into a 
1/rin. H coupling, which is welded over a 1/8 drilled hole in the 
wall of standard thickness pipe. 

We have adopted this method of pl"l!lll!Ul'e-tapping pipes as a 
much more satisfactory mechanical job than that of screwing a 
nipple into a tapped hole in the pipe. We feel, also, that the 
elimination of the problem of making the piezometer flush with 
the pipe wall and the consequent reduction of burr formations 
are strong points in favor of this method. 

If such a piezometer gives inaccurate readings, is it reasonable 
to 888UD1e, in cases of flow measurement by orifice plate where the 
pressure differential &eroBB the orifice is to be measured, that the 
error in the one piezometer is cancelled by the same error in the 
other piezometer by re&HOn of a manometer arrangement. 

JoBN. B. Dlus1to7 AND Ht7NTEB Rous:1:.7 A short series of 
investigations similar to those performed by the authors, dealing 
with only five types of piezometer openings, was carried out in 
1905 in Dresden ,  Germany, by Dr.-Ing. Paul Schuster. 

Schllllter's work' was essentially an investigation of fl.ow 
through a Francia turbine. Preliminary tests of various pitot 
tubes and piezometer openings were carried out in the towing tank 
of the Uebigau Shipyard. The piezometer openings investigated 
were five in number: 

(1) Square-edged hole with diameter of 1 .75 mm. (0.069 in.). 
(2) Hole with diameter of 1 .75 mm. , comers removed with 

90-deg. countersink to a maximum diameter of 1 .8 times the hole 
diameter 

(3) Square-edged hole with diameter of 2.7 mm. (0.106 in.). 
(4) Hole with diameter of 2.7 mm. , comers removed with 

90-deg. countersink to a maximum diameter of 1 .5 times the hole 
diameter 

(5) Hole with diameter of 2. 7 mm. ,  comers rounded on a 
radius of 0.4 times the hole diameter. 

The five piezometer openings were mounted at intervals of 25 
mm. in a vertical row on a brass plate 4 mm. thick. The plate, 
the leading edge of whicli was sharpened with the bevel on the 
back Bide, was mounted on the towing carriage exactly parallel 
to the direction of travel and was towed in still water. 

The velocities of the carriage were recorded chronographically. 
Glass tubes of 6.5 mm. inside diameter containing the piezometer 
water columns were mounted on a board faced with millimeter 
Cl'Ollll-llection paper, by means of which the column heights were 
determined. Test data are as follows: 

Schuster concludes that the suction effect of moving water is 
best avoided and hence the pressure is indicated most accurately 
by the use of a well-rounded opening. He gives the following 

• Steam Engineer, Atlantic Refining Company, Philadelphia, Pa. 
Jun. A.S.M.E. 

' River Hydraulic Laboratory of Mauachusetta Institute or 
Technology, Cambridge. Mass. 1 Published in 1910 by the Verein deutscher lngenieure, "Mit­
teilungen llber Fonchungaarbeiten," Hert 82. 

PiellOmeter error due to dynamic preaure 
-Velocity----. 1-d, in mm. 
m. per sec. rt. per sec. (1)  (2) (3) (4) (6) 

0 . 76 2 . 49 -1 -1 -2 -1 -1 
0 . 84  2 . 76 -1 -1 1 0 0 
1 . 02  3 . 34 -2 -2 0 -1 1 
2 . 06 6 . 72 0 -2 0 -1 0 
2 . 67 8 . 42 -10 -8 -10 -8 -4 

approximate values for the error of piezometer column heights due 
to the velocity effect: 

Square-edged opening, -3 per cent of ,·elocity head 
Countersunk opening, -2.5 per cent or velocity head 
Well rounded opening, -1 per cent or velocity head 

Similar errors as found by Allen and Hooper are: 

Square-edged orifice, 0 per cent of. velocity head 
Round-edged orifice No. 11 ,  2.1 per cent or velocity head 

Allen and Hooper arbitrarily chose square-edged orfices as 
references; hence rounded orifices have a positive error. Schuster 
found the rounded openings more nearly correct, which would give 
the square-edged openings a negative error. A comparison of 
the foregoing tables indicates that in both cases the well-rounded 
orifice gave higher readings. 

The values of "piezometer error in per cent of mean velocity 
head" from Allen and Hooper are probably mnaller than if based 
upon actual velocity, inasmuch as they were figured for mean 
pipe velocity and not for the lesser velocity actually existing near 
the piezometer openings in the pipe wall. The corresponding 
Schuster values were figured for a velocity which actually existed 
close to the piezometer openings and are hence HOmewhat larger 
than the former values. 

The fact that Schuster's piezometer openings were set into 
a fl.at plate and that those of Allen and Hooper were set into a 
cylindrical surface may account for some of the discrepancy 
noted. 

It is barely possible that HOme of Schuster's work was done in 
water quiet enough to give laminar flow conditions. In general, 
it is found that the first one or two runs made in a towing tank 
after the water has been undisturbed for HOme time, as for instance 
overnight, are unsatisf!,l,Ctory because the water has become 
quiescent and conditions correspond to those of laminar flow. 
Once having been disturbed, the water in the tank may be said to 
be turbulent, and gives corresponding results. Since the fl.ow 
with which Allen and Hooper were working was undoubtedly 
turbulent, the possible dissimilarity of fl.ow conditions under 
which the two series of investigations were done may be given as a 
remote source of difference in the results. 

It is to be regretted that the wide range of piezometer inlets 
discussed in the paper did not include various forms of openings 
leading to tubes set at angles differing from 90 deg. with the pipe 
wall. The fact has long been known that a tube pointing slightly 
against the direction of flow, however flush it may be with the 
pipe surface, will give values above the· actual pressure head, be­
cause of the additional effect of a component of the velocity 
head--Bimilar conditions causing a decreased reading for a tube 
pointing somewhat downstream. In addition to having quantita­
tive data on the influence of such angularity, it would also be 
interesting to know whether the proposed rounding of the opening 
would tend to reduce this effect. 

The danger of inaccuracies due to this cause, especially in 
cases where openings must be drilled by hand with no means of 
procuring absolutely normal holes, may be fully understood only 
through such· careful tests as are contained in this paper. One of 
the writers recently conducted a series of experiments involving 
75 hand-dJilled piezometer connections on the side of an open 
flume for measuring the effect of curving flow; as the pressures 
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were often below the atmospheric and the velocities correspond­
ingly high, many of the tubes were rendered 1180iess by their 
imperfect construction, despite great care in finishing the open­
ings at the wetted face. 

Allen and Hooper's ingenious method of arranging the gage box 
brings to mind a number of gage forms which have proved satis­
factory in various laboratories for very delicate setting. It is 
claimed of the gage point lowered from above that small particles 
of dust or drops of water will cause the springing of the meniscus 
before the metal point is actually in contact with the water 
surface. This difficulty is overcome by the hook gage immersed 
in the water, but the latter is often sharply pointed and the 
contact noted from above when the surface is punctured; needless 
to say, this instant of contact cannot be observed with great 
accuracy from above the surface, while the sharpness of the point 
makes it equally difficult from below. 

The apparatus used at the Worcester laboratory apparently 
includes a gage whose point is not so acute as to involve the latter 
difficulty. A slightly arched chisel edge has been used at the 
Walchensee experiment station of the Fo.-schungsinstitut of 
:Bavaria, with which one may measure without great difficulty to 
within 0.02 mm. (0.0008 in.) .  A small lamp illuminatl's t hr hook , 
whose reflection is sharply visible in the under side of t he watrr 
surface; the hook is raised until it  apparently just tom·hrs its 
reflection above, but without quite puncturing the surface. 

Many experimenters believe that thr glass gage pipe should be 
from l ½  to 2 in. in diameter, not only to insure a flat port ion of 
the water surface between the meniscus curves at the sic!N< of t hr 
glass, but also to overcome the lag due to <"apillarity ,  and thr  
variable capillary rise if the pipe varil'S el ightly in  dinmrtrr. 
Thi.,I usually makes the tube large enough to eerve both  M 1<ti l l ing 
box and gage glass, and hence leaaens the rffert r,f <"hanging 
volume as the gage is raiSl'd or lowrred. 

H. S. BEAN.• The paper ii, t h<" most <"1 1m1 1rPhrnsivP Hl udy uf 
pressure ml'1111uremrnts wit h  a piezomrtrr t hat has <"1 1mr t u  
attrntion. �ince K .  Bii<"hnrr•• puhliAhPd t he m,ults o f  hi" 
observations , and poRBibly l,efurr , thrrr han• hl'l'n many rrfrr­
ences to more or l1'811 <'RWllll nl-rvationa on thr ll8P of pir­
zometers, but in all CIUll'8 th1'8e obeervationA have hcen in<"i clrntal 
to the attainment of Mme ot her objerti,·r. 

The effects of t he vari11u1< dNligns and flow <"onclitin1111 thut •·rrr 
tried and the conclUAions drawn ure vrry much •·hat wouh! hr 
expected .  It is grat ifying to 11H that t hr pirzometrra W1Pcl in the  
Chicago tl'Rts,  by t he A . (  : .A .  C-ommit tPr on thr !\feuuremrnt o f  
Large Voluml'tl of < ; ,.,. , , , ronlurmecl rxart ly to  t hr  =• ,mmrn o l 11-
tion of the authors. 

The authors do not speeifically atate whrthrr t hey WOl'<I ut l .. . r 
aizea of lines than thoae sho""ll in Fig. I .  Pmmmalily t hry cli ,t 
not. Also, they recommend the 1111P of a pieznmrtrr 1>· i t h  a ' /rin .  
hole and a '/w-in. radius of  rounding for Arnall pil""' ,  11·h1lr for 
larger pipes a piezometer 11·ith a 1 ,'.-in .  holP and a 1/,rin . ruunclin,c 
is recommended. However , they have not su,u,;PBtro a dh·iding 
line between "small" and "largrr" pipt'8. It  will l1t• ,·ery hrlpful 
to know what their recnmmPndat ionM nn this point would he. 

JOHN R. FREEIIAS. 1 2  TIii' p11pt•r iuterPIIIB rue, httause about 
55 years ago I had a h1111d in a m111·h more funcl11n11•ntal and mor,• 
precise research on pit•zorrll't en<. The prin<"ipnl rt'SU(!B of t hi, 
research were puhli.�hed in  t hr 1'ra,.,.adi,ma of t he Amerirun 

• Pbyllicist, Bureau uf s 1 1uu l 11r, I•. W1111lungto11 . I > . C ' . �fo1 1 1 . 
A.8.M .F. .  

10  Z. \ " .l>.J . ,  vol . -Ii; ,  I I ,  1 !10-1, J > .  1 11117 ' ''"J>t•c· ial()· 1• · I I UO ) .  
1 1 BLrt•au of :-lt an,lur,IH Hl' ... 11rrh 1'111 �·r :,.; u .  :1:15, · ·Exi,t.•rimeni. 

on Metering J..arge \"ohnnea of Air. "  J,m r,1ul of .lln,tarda, no. -: .  
July, 1 !13 1 .  

" C'on1ultin11 En1lin,•,•r, l'rovi,lt•ru·,• . H .  J .  !'>!em. A .:O:. �I .E .  

,Academy of  Arts and Sciences in Boston . in the year 1878, 
pages 28 to 53, and illustrated by four plates of drawings and 
diagrams. 

These researches were.p.rried on by Mr. Hiram F. Mills, Chief 
Engineer of the &!sex Water Power Company at Lawrence, Mass. , 
who was one of the most eminent hydraulic experimenters in 
America in the epoch of 50 yeara ago. They were made as a 
preliminary to a long series of other experiment.a on the flow of 
water in pipes, only a few of which have ever been published. 

These researches on piezometers by Mr. Mills, unfortunately, 
have remained almost unknown to .the engineering profession, 
because presented to a society which at that time contained 
relatively few engineers in its membership. 

The writer had the rare good fortune to be one of Mr. Milla' 
young assistant engineers at the time these experiment.a were 
made , and soon afterward became his principal assistant, and 
continued in that capacity for about 10  years in a great variety of 
hydraulic work , including much of nn experimental nature. 

Thl'se experiments by M r. Milla were much more fundamrntal 
than t hose of Allen and Hooper because they compared the piezo­
met ric lrvel wit h that of a free water surface flowing in an open 
<"hnnnrl , whereas Allen and Hooper's experiments simply compare 
onr piPzomrtrr 11 it h  another, and have all their piezometric 
orifices arrangrd around the same croBIHll'Ction or a closed pipe 
flowing full of water under prP88ure. Thus they simply show the 
rrrors which may be introduced in sul"h measurements by the 
<'l\relPAS projection of a burr on the inside of the piezometric orifice 
or t he lowering of the water column <"Rused by carelessly permit­
ting the l'nd of a <"onnecting pipe to prot rude inside of the channel , 
which Prrnrs are , howe\·Pr , often permit ted by those who fail to 
rPalize t he t ruths brought out by Profl'8ROr Allen's experi­
mrnts. 

Thr prr<"ision of me1111urement in the Mills experiments was al80 

greater inMmu<"h as the micrometer gagea used in t he romparisons 
•·rre nil <'Rrefully read to about 0 .0001 in . , under excellent condi­
t i , 11 11< fur mrasuring hPad in t he pirzometPr <"humber, "·hereas the 
limit of mrusuremrnt in  the Allen-Hooper experiments •·as 0.01 in .  
For moHt praetieal purposes this difft•rencr of pre<"ision is un­
important . 

Mr. M ills ' l'X J14'riments aimrd to accurately drtcrmine once and 
for nil t hr t ru t h  al;.,ut a moot point in phyllil'tl whirh had been 
rnUM'd hy I>srry in II At atement in h iA monumPntu) work "Re­

rlwrrh,.,. l l y, lrnuli , 1u1• ," puhlishrd 1tlH 1ut 75 yrars ago, whirh 
(tmn"l" trt l l  rPadM :  " l 'irzomPtl'ni do not inclirate t he entire head 
uf a ronduit  st t hr J H • in t  •·hrre t hry are attarhrJ , but the head 
, l iminishrJ hy a rnta in  11m1 1unt , t hr diminut ion being clue to the 
nlori ty  at thr  l>1U11' uf thr pirzomPtl'rM , whrre t hr "·ater by its 
<"ohPH.iun arts on the manometric colum n ,  t hr height of "·hich it 
luweni." 

Dar<"y al8o atatrJ that in a piezometer attachPd to a reservoir of 
large cliamPtf'r , ft't"tling a pipe in whirh watrr WR8 flowing, the 
lowl'ri ng of t he pirzometric column hy suction would be )NIB than 
in a pirzometri<" column atta<"hrd to t he pipe. 

The idea ut t he hottom of thiH piPzometer quf'fltion in physics is 
that watrr 1 1 118 a definite <"olu'llive st rength (whi<"h with proper 
appara tus may be mrasured 1111 u tt•ruille strength amounting , as I 
n•mrml,er i t ,  tu ahout 75 lh. per aq. in . ) .  And it appeared not 
llllfl'Monahle tu Darcy and others to BUJ>IH>Be that this cohesion 
would lowrr t he piezometric rolumn whrn wuter was flowing 
rapidly past the orifices. 

Duhuat , ahlt'llt of the hydraulic ex11erimentf'rt1 of 120 yeani ago, 
had erruneou.�ly con<"luded that water would press against the 
liide of an open <"onclui t  in whi<"h water was flowing, with a pres­
sure h.•1<11 t han that Jue to i t11 dep th  hy the amount of prCtiSure 
t hat woul<I produre i t" mean velrn·ih· .  Mr.  Milhi stated that 
u lthough !liavier in 1 8 1 9  had contr,,�ertecl thi11 idea, Dubuat 's 
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roncluaion bad been oommonly preeented in treatiam on hy­
draulim up to tbe time of Darcy. 

Mr. Milla therefore BOught t.he origin of thie wrong idea of 
Dubuat, that the piesometric height would be 1- than the true 
height, by connecting certain of his piesometera to a pipe with an 
open end, which could be projected through the wall of the 
ronduit; and he found, juat u Allen and Hooper have now found, 
that the water column in the piezometer chamber wu thereby 
lowered proportionately to the velocity of the water pusing 
the end of the projecting pipe, because of the deflection of the 
current by thie projection. 

The apparatUB delligned by Mr. Milla for the purpoee of defi­
nitely settling this question of whether or not there wu a lower­
ing of the piezometric column by suction, when connected to an 
orifice truly in the plane of a conduit wall, comprised in brief an 
open trough, nearly 30 ft. in length, about 1 ft. in depth, and 
about 4 in. in width of channel, constructed of clear, well-seasoned 
pine wood with greatest care by an uncommonly expert mechanic, 
within the walls of which about 20 orifices of different forms were 
cut, on oppoeite sidee of the trough, of varioUB sizes and shapes 
and having varioUB inclinations. 

We are now chiefly concerned with the results of the three seriee 
of experiment.a: 

(A) With orifice in the plane of the wall of the flume and 
with the connecting passage at right-angles to � wall 

(B) With orifice truly in the plane of wall of the fl'!Ulie, but 
with passage leading from the orifice to piezometer 
inclined at an angle to wall 

(C) With orifice in end of pipes which projected into the 
conduit by varioUB amounts. 

Nearly 6000 aeparate observations were made, covering veloci­
ties all the way from about 1/1 ft. per sec. to about 9 ft. per sec. 
The flume wu frequently emptied and inspected for posmble 
changes in shapes due to swelling of the wood, by means of steel 
straight-edges, aome short and some long, under conditions of 
lighting BO arranged that deviations of 0.001 in. in or out from 
the plane of the orifice could readily be perceived. Some of the 
orifices were in smooth bl'11811 plates carefully inserted in the con­
duit wall. 

The piezometric water columns were meaaured in small 
reservoirs averaging perhaps 6 in. in diameter, constructed of 
tin boxes, attached to the side of the flume, with great pre­
cautions to prevent leakage. 

The principal cause for posmble errors in measurement of 
comparative heights lay in the "wrinkles" in the smface of the 
water in the open conduit when flowing at high velocities. Not­
withstanding the care taken to maintain a constant· level at the 
entrance of the flume, this surface at higher velocities became 
somewhat "wrinkled" alcing its course by small diagonal standing 
waves. 

Every practicable precaution was taken to obtain accuracy. 
To eliminate the perBOnal equation, the observers at the several 
stations along the trough, all of whom were skilled and experi­
enced in such experiments, frequently shifted their location. 

As a result of this elaborate series of experiments, Mr. Mills 
roncluded that the height of the water shown by piezometers of 
el888 A was the same as the height of water at the middle of the 
stream flo"'ing in the trough, as nearly as it was practicable to 
measure, and that there was no lowering of the piezometric 
eolumn by suction or cohesion of the water flowing past the 
piezometric orifice. 

For class B, by experiments on four orifices he found, notwith­
standing the edges of the orifice coincided as nearly as practicable 
with the plane of the conduit wall, that when the connecting 
passage was inclined 45 deg. facing upstream, the effect was to 

lllightly raiae the pieaometric ooluam, and whm inelined dowa­
ltream to alightly lower it, probably bec,a- of 80llle llilbt 
llinuOlity in the current put the ori8oe. 

For clua C, with orifices in the end of a pipe, Mr. Milla f01llld, 
as Allen and Hooper have found, a cle&nit.e lowering proport,iona1 
to the velocity head of the water Sowing put the end of the pipe. 

A8 the final result of nearl:, 8000 obaervatiOIIII on about 20 
different orifices, Mr. Mille concluded his paper with the wonll: 
"From these result.a, it is evident that it is entirel:, within the 
practicable limit.a of coutruation t.o make pielomet.en that will 
indicate the true height of the etream, within the practicable 
limit.a of observation." 

During the 10 ye&r11 or more following theee experiment.a, in my 
work for Mr. Mille in measuring water ueed by the factori• at 
Lawrence, Mll88., and Manchester, N. H., in varioUB turbine teat.a, 
and in a great variety of experiment.a on the flow of water in con­
duits, great care wu always taken when eetting up piezometen 
for water-measuring apparatua to make sure that·the piesometric 
orifice was truly in the plane of the smface of the pipe, and -in 
order that there could not be any posmbility of a burr or projec­
tion, the edges of the orifice were always very slightly rounded. 
Great care was taken when a pipe was screwed into a conduit 
wall that by no posmbility should it project inside the smface of 
this wall. 

I am prompted to make a few further comment.a relative to the. 
precautions n� to obtaining the great.est practicable 
accuracy in piezometric observations. 

First, as to the size of the glass tubes for obaerving �e height of 
water, I assisted Mr. Milla in a long series of experiments on thie 
matter, using glass tubes of many sizfll up to 2 in. in diameter, 
with water of various temperatures, with the water smface in the 
reservoir rising in some -, falling in others, and in experiment.a 
in which the actual mean level in the reservoir did not·change, but 
was simply agitated, · as by small waves. · · Unfortunately, no 
description of these experiment.a was ever published. 

My recollection is that we found it necessary to have our glass 
tubes at least 1 in. in internal diameter, in order to fully avoid the 
effects of smface tension, or capillarity, from the inner walls of the 
glass tubes. 

We found this degree of smface tension and error which existed 
in the small tubes of, say, 1/1 in. internal diameter, varied with both 
temperature and with the degree of cleanliness of the inner wall 
of the tube. 

Subsequent to these experiments, in all of our precise work, care 
was taken to have tubes not less than about 1 in. in diameter. 
With these and proper apparatus of loop-vernier index, proper 
lighting, and accurate scale, the height can quickly be measured 
with certainty to within about 0.001 in. 

Anotlier matter which commonly does not receive sufficient 
attention, in precise work, and which may have led to a lack of 
precision in Professor Allen's experiments. is that the conduit 
channels between the piezometric chamber and the pipe should 
be such that water should flow just as easily in one direction u in 
another; otherwise a aort of check-valve action OCCU1'II which, if 
there are pulsations in the water of the conduit, may materially, 
affect the accuracy of the piezometric measurement. 

In the Mills' experiments previously discussed, great care was 
taken to have the orifices in the walls of the conduit and the 
connections to the piezometric chamber so shaped that the co­
efficient of contraction at all edges of the connecting channel 
should be the same for inward flow as for outward flow. 

Another matter which Professor Allen has touched on is the 
importance of avoiding even the faintest leakage in piezometric 
connections. I have had frequent occasion to observe that the 
importance of this precaution is often not appreciated. It is of 
highest importance for precise experimentation that there be no 
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lr.nknge whatever. Po11-•ihly the fact that water possesses 
slight vrlol'ity may be at the bottom of this possible source of 
error. 

Long tubes and tubes of small diameter in many cases present 
opportunities for er�or in piezometric observations by reason of 
air bubbles released from solution which collect in these tubes. 

On one occasion , perhaps 25 or 30 years ago, in some experi­
ments in the large hydraulic flume and measuring weir in the 
hydraulic laboratory of Cornell University, I found that the hook 
gage in the still-box measurements of depth over the weir,  sup­
posed to be "absolutely correct," was about 1 in_. in error, as 
determined by holding an ordinary leveling rod,  first on the crest 
of the weir and then at the water level of the weir box , using an 
engineer's Y-level under such conditions as to insure accuracy. 

This test was made with a foot or more in depth flowing over 
the weir in order that any effect from settlement under the weight 
imposed by operating conditions should be discovered. The 
experienced engineer at that time in charge of Cornell's hydraulic 
flume could hardly believe his eyes when this· amazing error was 
revealed. Probably it was due to an air trap or an arcumulation 
of small bubbles in the connections. 

In our many water experiments and measurements at Lawrence 
50 years ago , under Mr. Mills, we learned to take the utmost care 
to arrange our piezometric connections so that they could be 
flushed out by a swift current ,  immediately before beginning 
observations, also at frequent intervals, and , moreover, found it 
necessary to carefully avoid slopes in connecting pipes which 
might interfere with the free rising of bubbles, and also found it 
necessary at intervals of half an hour more or less, in many cases, 
to hammer our rubber-tube connections in a way to produce 
violent pulsations of the water column, for the purpose of loosen­
ing air bubbles disengagr.d from solution in the water, while it 
stood in the connection. 

Precise experimentation in hydraulics involves an everlasting 
setting of traps to guard against unconscious error of many 
kinds. 

At:THORS' CLOSURE 

Arthur L. Collins : In answer to the statement which Mr .  
Collins makes that "it  does not appear that the first object of the 
investigation has been satisfactorily accomplished, " may we 
call attention to the work of Mr. Hiram Mills referred to in 
Mr. John R. Freeman's discussion. Results of his work, which 
was done in an open flume where the actual elevation of the 
free-water surface was checked against the piezometer headR, 
check the work described in_ this paper very closely. In  addi­
t ion, the four reference piezomete�, when properly installed , 
check within 1 per cent of the mean velocity head of each other, 
and later four other piezometers, Xos. 5A, 6A, 1 I B, and 12B, were 
installed according to the specifimtions developed in the paper, 
and they rhecked the reference piezometers within I per cent of 
the mean-velocity head. 

In regard to the URe of pitot tubes in this inve,,tigation, the 
static piezometers of the tube referred to as Xo. I I A  and shown 
in Fig. 14 were compared M to performance with the referen<:e 
piezometers, and in this case rhecked very well . However, a 
pitometer was used in making t he traverse� in the 1 2-in. and 40-
in. pipes, the curves of whirh were printed in the paper, and 

the indicated velocities were corrected for the l'hange in area oc­
casioned by the presence of the rod .  Pitometers have been 
carefully calibrated recently in the 1 2-in . line and in the 16-in . 
throat of a 36-in. by 1 6-in. venturi meter against weighing-tank 
measurements, and the value of the coefficient wa.� the same in 
both cases. A pitot tube should not be in error as much as 
5 per cent if it is carefully calibrated under hydraulic conditions 
similar to those in which it  is to be used. 

F. G. Switzer and E. B. Strowger: The damping devices 
referred to in the discussions of Professor Switzer and Mr. 
Strowger are probably satisfactory, but at the Alden Hydraulic 
Laboratory it is Clll:ltomary to pinch a rubber hose to give the 
desired degree of damping. Thi'i system, we believe, ha.� merit 
on account of its simplicity, flexibility, and availability. I n  
the firs t  place, i t  i s  very easy to obtain full discharge in thP 
pressure line for the elimination of dirt or trapped air, or to 
change the water in  the line hecalll:le of temperature conditions. 
Secondly, the channel of approach to the throttling section 
is jlll:lt the same on both sides. Then, if the hose is pinched Ho 
that the water column or pressure gage is just alive, it is prob­
able that the flow through the throttling section is viscous. And 
finally the throttling is very readily changed to meet the pressure 
conditions. 

John W. Brasko : Fig. 10 of the paper shows that a '/rin . 
hole must have parallel sides for ¼ in. before any change of 
diameter of the piezometer tube occurs. Therefore, for a 
large number of cases where the pipe-wall thickness may be 
considerably less than • /, in . ,  this form of piezometer will un­
doubtedly be in error. Also the importance of removing the burr 
from the inside edge of the piezometer opening cannot be over­
emphasized. 

John B. Drisko and Hunter Rouse : With reference to the 
tests of Dr. Ing. Paul Schuster in 1905, it  is evident that the 
hydraulic conditions of the · two investigations are so diHsirnilar 
that comparisons are probably of little value. 

H. S. Bean : If reference be made to the results of tests on 
piezometers Nos. 5A and 1 2B, it will be seen that they give 
the same results. Hence the choice of the size of the orifice 
depends upon other considerations than accuracy . 

.John R. Freeman : With reference to Mr. Freeman's statement 
of relative accuracy of Mr. Mills' and this work, it should be 
undel"!ltood that the error given in this paper was an over-all 
figure (about 1 per cent) ,  whereas the figure given for Mr. Mills' 
work really applies only to the measurement of the elevation 
of the water surface in the piezometer stilling pots. Referring 
to Plates Xos. 3 and 4 of Mr. Mills' paper, it will be found t hat  
there are a number of points which l ie more than 2.0 pPr rent 
of the mean velocity head away from the smooth curve of a l l  
the point.�, and each of these points is  the average of  ten readings. 
The determinat ion of the free-water �urf1lCP, a very difficult thing 
to mcaRure accurately, introdurPd Prrors which makes the two 
papers comparable as to accuracy. 

I t  i:-1 to be regretted that Mr. �lills" paper on piczometers 
was so thoroughly hidden that the matPrial therein was practiral ly 
unknown to the engineering profession for so long. The 111 1 t l 1 1 , rs 
were unable to ohtnin a copy of his paper until after the prPseut 
paper was written, but find,  fort unatPly, t hat his  work and the 
results of this pnper prartirally rherk .  


