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definite position as determined by means of a small microscope 
F fitted with cross wires. To ensure an identical form of the 
menisci at each reading, it is essential that all adjustments of 
the vernier are either in an upward or downward direction when 
determining the head, the direction chosen being such as to produce 

a meniscus concave to the darker liquid at the inclined tube. 
The tubing E must be chemically clean to maintain a clear 
meniscus, polyvinyl-chloride tubing being suitable as it is both 
clean and translucent, thus enabling the presence of any trapped 
gas to be detected easily. The wall rigidity of this tubing is also 
advantageous as it tends to maintain a reasonably constant cross 
section when bent. 

In filling the gage with liquids, the heavier liquid 2 is first in-
troduced through the T-connection G, liquid 1 being then poured 
into each leg from above with the connecting cock H closed. 
This prevents any mixing of the two liquids. 

The choice of liquids is dependent upon the maximum heads to 
be measured. For heads of a few inches of water, oil can form 
the upper liquid 1, and water the lower. For larger heads, 
mercury should be used for liquid 2. The indicated head in 
each case will be 

(Ps — Pi) „ . , , H in. of water 
P»-

where pu p2, and pw are the densities of liquid 1, liquid 2, and water, 
respectively, H being the vernier deflection from the zero dif-
ferential position. A temperature correction must be applied 
because of the varying densities. 

Gage Sensitivity. Gage sensitivity is defined as the ratio of 
the deflection Ax of the meniscus in the inclined tube, to the cor-
responding change in head AH, and can be shown to be 

( 1 + sin 0)(p2 — P I ) + 2 ^ p, 
o 

Therefore sensitivity can be increased by (a) decreasing the 
angle of inclination 0; (6) increasing the area ratio S/s; (c) 
choosing liquids 1 and 2 with more equal densities. 

Gage Damping. With this manometer gage, the value of the 
constants in the differential Equation [25] are 

pih + P\U L 2 = 

0 

Sir (pdi + Mi'i) 
C i = 

(I s 

C„ = p, | + (1 + sin 0)(p2 — p,)J 

k and k being the lengths of connecting tubing corresponding to 
each liquid. The condition for aperiodic damping is CV > 
4 C0C2 as before. 

C O N C L U S I O N 

Factors contributing to the production of pressure-pulsation 
errors in manometer gages have been established, and the require-
ments for the elimination of these errors determined. A form of 
manometer gage is proposed which will determine accurately the 
true time-mean of a pulsating pressure or pressure differential. 
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Discussion 
E. G. C H I L T O N . 5 An inferential flow-measuring device gen-

erally can be divided into two distinct parts: The primary meter 
such as an orifice, nozzle, etc., which produces a signal which is 
some function of the flow rate and other variables of the flow; 
and the secondary system which translates the signal into a read-
ing such as the difference between two legs on a manometer. It 
is with this secondary system that, the author has concerned him-
self in this paper. Even this system can generally be divided into 
two parts, namely, the lead lines from the primary system to the 
recording element, and the recording element itself. What the 
author has to sa3' regarding the behavior of the lead lines is ap-
plicable to a large number of secondary recorders and therefore of 
great general importance. He has pointed out that the lead lines 
themselves may introduce appreciable errors in the transmission 

6 Supervisor, Shell Development Company, Emeryville, Calif. 
Mem. ASME. 
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of the signal and thereby confirms results previously found by 
such American investigators as Taback6 or Iberall.7 

Unfortunately, it is the primary system which is of greatest con-
cern today in cases of pulsating flow. Contrary to the author's re-
marks in the introduction to his paper, an inferential flowmeter 
does not necessarily follow the square law that it does under 
steady-state conditions. This has been convincingly demon-
strated by many investigators,8 and many of the large errors 
under velocity fluctuations of which the author talks may not be 
altogether due to errors in the secondary system but to the fact 
that the primary system does not follow the square law. 

It might be mentioned in this connection that the American 
Gas Association is sponsoring a large-scale investigation into the 
errors due to pulsating flow and is considering separately and to-
gether both the primary and the secondary measuring systems of 
inferential meters. 
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E R N E S T F R E U D M A N . 9 The Development and Research Labora-
tory, Industrial Power Division of the International Harvester 
Company has for some time been interested in the problem of 
pulsating-flow measurement, with special reference to the air 
consumption of internal-combustion engines. We have con-
structed two "viscous flowmeters" which, when used in conjunc-
tion with an "electric micromanometer," have given good results 
on supercharged engines. With naturally aspirated engines, how-
ever, we have found that the connecting leads, as well as the 
manometer itself, have a profound effect on the air-flow measure-
ment, see Figs. 7 and 8 of this discussion. 

Consequently, we were greatly pleased in reading within the past 
few months the present paper as well as another paper on the sub-
ject by Professors Kastner and Williams.10 

We have built a manometer similar to the one shown in Fig. 6 
of the paper but unfortunately we have not been able to obtain 
results as excellent as those shown in his fig. 11.10 A typical 
curve obtained with our manometer is shown in Fig. 9. In con-
nection with the manometer development work we would like to 
make the following comments: 

1 With reference to the manometer shown in Fig. 5 of the 
paper, does the author feel the assumption stating that the damp-
ing is confined to the connecting tube will bear experimental 
corroboration? 

2 Equation [29] of the paper is an expression for the sensi-
tivity of the manometer in Fig. 6, i.e. 

Ax 
~AH 

F I G . 7 M A N O M E T E R P R E S S U R E D R O P V E R S U S L E A D L E N G T H ( W I T H 

C O T T O N P L U G S ) 

(1 + sin 6){p,- • Pi ) + 2 — p, 

This equation may be written in a more general form as 

Ax 
~AH 

( j - + sin (p, — P I ) + 2 — PI 

F I G . 8 M A N O M E T E R P R E S S U R E D R O P V E R S U S L E A D L E N G T H 

( W I T H O U T C O T T O N P L U G S ) 

6 "Response of Pressure Measuring Systems to Oscillating Pres-
sures," by I. Taback, NACA T N 1819, February, 1949. 

7 "Attenuation of Oscillatory Pressures in Instrument Lines," by 
A. S. Iberall, Trans. ASME, vol. 72, 1950, pp. 689-695. 

8 "Pulsating-Flow Measurement—A Literature Survey," by A. If. 
Oppenheim and E. G. Chilton, Trans. ASME, vol. 77, 1955, pp. 231-
248. 

9 Test Engineer, Industrial Power Engineering Department, 
Development and Research Laboratory, International Harvester 
Company, Melrose Park, 111. 

10 See reference (5) of the Bibliography of the paper. 

'A 
-1 A A 

Y 

L 
/ y 1 D / / J r

 / 
/ 

/ / 
\ 

/ k 

/ 
I 

/ I 

I 
A 

2 r 
O [ EY 1 

o 

CC < 

G 6 ELECTRIC MCROMANOMETER j— 6 L tAU i 
A & ELECTRIC MICROMANOMETER !—l 'LEADS 

o 

CC < • • "VISCOUS" MICROMANOMETER 
SWEPT VOLUME 

— ESTIMATED FL 
(VOLUMETRIC 

3W 
EFFICIENCY* 65%) 

1000 1200 
1 

14 0 0 16 RFI.M 00 1800 20 00 00 

F I G . 9 A I R - F L O W M E A S U R E M E N T S W I T H V A R I O U S M A N O M E T E R S O N 

T H E I H D 2 6 4 E N G I N E 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/78/7/1468/6852091/1466_1.pdf by guest on 19 M

ay 2023



1468 TRANSACTIONS OF THE AS ME OCTOBER, 1956 

where 

s = cross-sectional area at C 
Si = cross-sectional area at D 
£ = cross-sectional area at A and B (see Fig. 6) 

from which one may conclude that if the damping is confined to the 
connecting tubing, decreasing the ratio of s/sj will likewise in-
crease the meter sensitivity. 

3 The following criteria are given to insure aperiodic damping 

( V > 4C2C0 

where 

pik + pjn 
C 2 = 

g 

8ir fisls + Hili 
Ci = • 

9 s 

Co = |̂ 2pi + (1 + sin 0)(p2 — pi)J 

In designing a meter the following items would be unknown: 
k, h, Co, Ch Ci. Thus there are five unknowns and four equations 
allowing for an infinite number of combinations of h and U. Has 
the author found the manometer to give the same true results, re-
gardless of the combination of h and Z2? And is the criterion 
Ci2 > 4 C 2 C O valid as the value of C I

2 approaches that of 4C2Co? 
If the answer is no, can the author suggest a magnitude of the in-
equality? 

We wish to congratulate the author for a most interesting and 
stimulating paper. We would be most interested in learning 
further details of the construction of the manometer, such as the 
type of liquids used, length, diameter, and material of leads, and 
the mechanical details of the meter. 

V . P. HEAD . 1 1 The author's analysis may provide the missing 
link in the problem of pulsating-flow measurement whenever 
variable-differential flowmeters are employed. The ASME Fluid 
Meters Research Committee has attempted to reduce the com-
plex phenomena of flow pulsation to a first approximation suitable 
for establishing a border line between significant and insignificant 
pulsation. A pulsation "threshold" has been suggested12 limiting 
flow variations to 10 per cent (or differential variations to 20 per 
cent) in order to limit flow errors to the order of 0.1 per cent for 
variable-differential, variable-area, and turbine-type flowmeters. 
It was recognized that separate rules for accurate measurement of 
average differential would be required. 

The practice of using 1/2-in. pressure holes for orifice taps in 
large pipes has helped in minimizing restriction-capacitance errors 
at the manometer. Such V2-in. pressure openings should perhaps 
be extended to small pipe sizes and to other differential producers, 
even though new coefficient correlations might be required. Large 
errors of the resistance-capacitance variety are largely the result 
of attempts at deliberate snubbing in connecting lines, and this 
practice should be condemned. The capacitance of an annular 
chamber connecting multiple pressure openings of nozzles and 
venturi tubes also may prove undesirable. 

The remaining problem of manometer liquid damping still 
looms large in industrial measurement, and the usefulness of the 
tube, Fig. 5 of the paper, not only to damp, but to decrease the 
natural frequency, is often worth}' of consideration. In a y2-in-

11 Director of Hydraulic Research, Fischer & Porter Co., Hatboro, 
Pa., Mem. ASME. 

12 "A Practical Pulsation Threshold for Flowmeters," by V. P. 
Head, published in this issue, pp. 1471-1479. 

bore water manometer, a Vs-in-diam tube some 30 in. long would 
cause overdamping. The same manometer with mercury 
would have a damping of only 20 per cent of critical, but the nat-
ural frequency would be reduced to only 0.2 cycle per sec (cps), 
and the response to 20 per cent fluctuations at 1 cps or more would 
be utterly negligible. Use of much larger well and range-tube 
diameters in industrial flowmeters make it possible to achieve in 
combination much higher damping and much lower frequencies 
with such a tube, which could perhaps be coiled in a flat spiral 
within the mercury well for thermal protection. Smaller bore 
damping tubes might be feasible, but a limit would be imposed 
by the tendency of mercury to rupture when entering or leaving 
very small restrictions. 

Further study and tests are, of course, required, but the author's 
work certainly seems to open the door to a more adequate solution 
than the adjustable mercury snubbers so frequently responsible for 
excessive pulsation error, today. 

A U T H O R ' S C L O S U R E 

The author would like to thank Messrs. Chilton, Freudman, and 
Head for their interesting contributions to the discussion of the 
paper. 

While the author would agree with Mr. Chilton that the orifice 
plate or nozzle flowmeter does not of necessity follow the steady-
flow square law when the flow being metered is pulsating in 
character, manometer errors can, nevertheless, greatly exceed 
all errors associated with the primary element. The possible 
magnitude of the manometer error was very apparent during the 
course of the viscous meter investigation (5) referred to in the in-
troduction to the paper. With this type of flowmeter, there are 
no primary element errors, yet errors of over 100 per cent were 
frequently noted when using conventional manometers with no 
damping devices in the connecting leads. Even when felt damp-
ing pads were inserted into these leads errors of over 12 per cent 
were observed. 

Further examples of manometer errors are to be found in the 
results presented by Mr. Freudman in Figs. 7 and 8. It is of in-
terest to note in Fig. 7 that the cotton pads have not rendered the 
leads aperiodic. This is probably due to the flow resistance of the 
pads being too small. It was disappointing to read that the two-
liquid manometer constructed at the Development and Research 
Laboratory, Industrial Power Division of the International Har-
vester Company, had not given reliable results when used in 
conjunction with a viscous flowmeter. The IHD 264 engine re-
ferred to in the caption of Fig. 9 was a four-cylinder engine, bore 4 
in., stroke 5V4 in., the viscous meter being connected to the intake 
manifold by a 30-in. length of 3-in. bore rubber hose. The author 
had been able to meter accurately the air flow to a single-cylinder 
four-stroke engine by means of a viscous meter and a two-liquid 
manometer of the type shown in Fig. 6, no damping being needed 
in the induction system. Pulsation conditions at the meter re-
ferred to by Mr. Freudman were far less severe, and as a result of 
further correspondence on this matter, the author had suggested 
that the source of the errors may be in the viscous element used, 
since it appeared that the mean value of the flow Reynolds num-
ber was rather high within the speed range considered. 

In reply to further comments made by Mr. Freudman, the 
assumption that damping is confined to the connecting tube of the 
manometer shown in Fig. 5 would bear experimental verification 
providing that the area ratio, S/s, were sufficiently large. The 
suggestion that the sensitivity of the manometer of Fig. 6 could be 
further increased by enlarging the cross-sectional area of tube D is 
a valuable one, and well worth incorporating in the manometer 
design. 

In deciding the manometer dimensions to insure aperiodic 
damping, having chosen the liquids to be used in the gage, four 
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unknowns remain: h, S, and s. If C\2 were much larger than 
4 C ' 2 C O , the gage would be overdamped, sluggish, and difficult to 
operate. It is therefore better to make C,2 approximately equal 
to 4 C 2 C 0 , since when C ,

2
 = 4 C 2 C 0 , critical damping results, and 

the manometer would attain the equilibrium position in the 
shortest period of time while still insuring complete damping of 
the natural vibrations. With critical damping, the maximum 
amplitude Smax of the meniscus oscillation in tube C when the 
manometer is exposed to a sinusoidal pressure differential of 
amplitude Ap max IS 

_ Affmax 

*
M S X

 " C „ + CAC0 

where to is the frequency of the pressure differential in radians per 
second. 

11 See, for example, Thomson (10), pp 04-G5. 

Having made Co small in order to insure maximum gage sensi-
tivity (Equation [29]), C2 has to be large enough to insure that 
there will be no excessive oscillation of the meniscus. This in-
volves using a sufficiently long length of manometer tube (E in 
Fig. 6). The cross-sectional area s of this tube can then be de-
termined from the equation C12 = 4C2Co, and hence S from the 
area ratio assumed in calculating C0. It is of course essential that 
the flow Reynolds number for the manometer liquid be sufficiently 
small to insure laminar flow in the tubes and this would generally 
be the case. 

The author would refer Mr. Freudman to the paper on viscous 
flow meters (5) for further details of the manometer of Fig. 6. 

Mr. Head's kind comments regarding the value of the paper 
were much appreciated, and his remarks regarding the application 
of some of the points dealt with in the paper to various practical 
installations were most interesting. It is hoped that the paper will 
be of some assistance to those interested in the design of flow-
meters for pulsating streams. 
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