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each sinusoidal component (suggesting that pure sinusoidal flow 
oscillation should be approximated in tests for such correlation 
purposes), D is a meter size dimension, p0 is the density of the 
flowing fluid (average observed if compressible), and X is that 
quantity of mechanics most descriptive of the particular meter 
type and containing time in its mass-length-time units. The 
values of a, b, c, in the exponents are determined from X which 
has units of (mass)" (length)' (time)", where c is always a negative 
integer. For the variable-differential meter, X represents AP; 
for the variable-area meter, X is the float force F; for the turbine 
meter, X is the rotational speed N, etc. The parameter $ com-
bines a generalized form of Strouhal number with flow coefficient 
to eliminate these unknowns from the parameter. The coefficient b 
will also depend on DU/2TV, where V, is the propagation ve-
locity of sound in the fluid, and on average observed Reynolds 
number and acoustic ratio, and of course on the design geometry 
of the flowmeter. 

It is well known that high frequencies are more easily attenuated 
than low. A need exists for standardized presentation of the per-
formance of "desurgers" or "silencers" or other types of attenu-
ating equipment. We may define an attenuation factor as the 
ratio of intensity of the pulsation at the connection farthest from 
the disturbance to the intensity at the opposite connection. A plot 
of this factor against frequency will give the performance of a par-
ticular attenuator with a particular fluid. Pure sinusoidal flow 
variation about the average should be approximated for such 
tests. A more general usefulness of results for geometrically 
similar attenuators of size D, handling fluids whoso propagation 
velocity of sound Vs is known, can be achieved by plotting the 
attenuation factor against DW/2IRV,. The factor will range from 
near zero (excellent attenuation) at very high frequency to near 
unit)' (no effective attenuation) at low. 

C O N C L U S I O N S A N D R E C O M M E N D A T I O N S 

1 It has been shown that, from the viewpoint of accurate 
measurement of average flow, pulsation is potentially significant 
only when the intensity I' is greater than 0.1. This value of T is 
recommended as a practical pulsation threshold for official publi-
cation, acceptable for the most exacting accuracy requirements. 

2 Pulsation-error magnitude has been shown to depend pri-
marily on pulsation intensity and wave shape in a manner readily 
calculable from Equation [2] when 6 is assumed unity, and 
secondarily, on frequency-response characteristics of the flowmeter. 

3 Flow-measurement errors are best eliminated by the use of 
pulsation-attenuation equipment selected to reduce F to the 
threshold value. When this is impossible because of large attenu-
ator size needed for low frequencies, errors may be minimized by 
selecting a high-response instrument, for which b is negligible. 

4 Flowmeters are least affected when viscous or inertial clamp-
ing is minimized and when the principle of operation is such that 
a large part of the flow oscillation can be absorbed by small re-
sponse. Variable-area and turbine-type meters are of such a 
character, but this advantage disappears above frequencies near 
the low end of the audio range. 

5 Accurate corrections can only be made when pulsation 
effects are forced to the maximum as by viscous damping and high 
inertia to force the coefficient 6 to unity. Additional instrumenta-
tion for accurate determination of intensity and wave shape will 
be required. Then q is equal to the indicated rate divided by the 
pulsation factor, Equation [2], A "tolerance," or twice the 
standard deviation (4) of ±20 per cent of the value of (fP — 1), 
must be assumed until more precise experimental data become 
available. 

6 Proper measurement of instantaneous or average values of 
secondary quantities has been assumed throughout this paper. 
Secondary sources of pulsation error, particularly troublesome in 

variable-differential meters, are associated with nonsymmetrical 
damping and capacity in differential manometer lines. To a 
much smaller extent similar errors in measurement of absolute 
pressure may affect the accuracy of gas measurement with any 
type flowmeter. No flow-pulsation tlneshold can assure elimina-
tion of such errors, but the art of proper measurement of these 
secondary quantities is quite well developed. Excellent bibli-
ographies will be found in references (1-3). 
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Discussion 
E . G . C H I L T O N . 3 The measurement of pulsating flow b}' con-

ventional flowmeters, such as orifices, nozzles, variable-area, or 
propeller meters has been the subject of discussion and research 
for over 50 years. Invariably, the hope of engineers has been to 
find some simple means of indicating the severity of pulsations 
and simple formulas for predicting the ensuing flowmeter error. 
Invariably, these attempts have failed. The author's approach, 
desirable as it may be in its simplicity, is unfortunately no excep-
tion, and it is our opinion that his formulas are unacceptable on 
theoretical and practical grounds. 

It is felt, however, that the paper is of value in that it should 
stimulate further research into the problem of pulsating-flow 
measurement which eventually may result in an acceptable solu-
tion, though perhaps not as simple as the author proposes. 

Major Comments 
1 The author's definition of "pulsation intensity" (Equation 

[1]) is based on one-dimensional, incompressible-flow theory. It 
therefore neglects the effects of flow variations within the cross 
section of the flow passage, and variations in density. There are 

3 Supervisor Development, Shell Development Company, Emery-
ville, Calif. Mem. ASME. 
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to date no test results to show where and when these variations 
can be neglected. 

2 A criterion such as the pulsation intensity must be amenable 
to easy measurement if it is to be useful. No simple instrument 
exists to measure T. One must resort to such apparatus as hot-
wire anemometers with rapid response and take measurements 
tliroughout the cross section. This was realized as early as 1918 
when attempts were begun to correlate not velocity but pressure-
pulsation measurements with metering errors. 

3 For variable-differential meters (orifices, nozzles, etc.), the 
magnitude of the metering error (Equation [2]) is based on the 
assumption that the orifices (or nozzles) behave in pulsating flow 
as they do in steady flow. It has been shown repeatedly (for in-
stance, reference 2 of the paper) that this is not true and that it is 
a good assumption only for small-amplitude and low-frequency 
pulsations. Where this assumption is adequate remains to be 
shown by experiments. 

4 The sine-wave expansion for q/q (between Equations [9] 
and [10]) does not represent "any wave shape whatever" but only 
certain restricted shapes. 

5 Even if one were to grant the assumption discussed in item 
3, that the flowmeter behaves as if in steady flow, integrating of a 
Fourier series expansion does not j'ield Equation [10], so that the 
proposed Equation [2] has no theoretical foundation. 

Minor Comments 
1 Regarding the flow-pulsation amplitude due to sound 

waves, the author states that "average face-to-face conversation 
(about 50 db) propagated down the length of a pipe conveying 
atmospheric air at an average flow velocity of 10 fps, will consti-
tute a pulsation intensity close to T = 0.1 in. Reference to anj' 
textbook on acoustics4 shows that T is more nearly 0.00001 under 
these conditions. 

2 Regarding the test points, Fig. 1, the writer took the 
liberty of checking Lindahl's pulsometer data, corresponding to 
the clotted line. To judge from the original paper (author's 
reference 1), the experimental points do not lie on the curve n = 
0.5, but near the line for n = 0.1. This is for an error of about 1 
per cent. 

In conclusion, the writer submits that the proposed pulsation 
threshold is not a practical device, and that the proposed equation 
for pulsation-error magnitude is applicable only in very limited 
circumstances, the range of which has not been explored yet. 

M A R T I N G O L A N D . 5 This paper is an interesting contribution to 
a difficult and long-standing engineering problem. While the 
writer takes exception to several of the recommendations ad-
vanced by the author, this does not detract from the virtue of his 
effort to formulate some simple (and perhaps partially successful) 
rules for the treatment of the pulsating-flow question. 

These remarks are directed primarily toward the author's 
treatment of the variable-differential meter, and are specifically 
concerned with the suggestion that his methods be accepted as a 
tentative industrial standard. For reasons outlined in this dis-
cussion, the writer believes such a procedure would be premature. 

As a first point, it should be noted that the author has subtly 
introduced a rather significant change, from the practical point of 
view, in the entire manner of observing and evaluating pulsation 
conditions at a meter. Particularly in field installations, the data 
conventionally available to the meter engineer are the pressure 
pulsations at the meter; the author, on the other hand, bases his 
entire approach on the velocity pulsations. True, with considera-

1 "Sonics," by T. F. Hunter and R. H. Bolt, John Wiley and Sons, 
Inc., New York, N. Y., 1955, pp. 48-53. 

1 Vice-President, Southwest Research Institute, San Antonio, Texas. 
Mem. ASME. 

ble practical difficulty and at some expense, instrumentation can 
be provided to measure the pulsation velocities at meters. Since, 
however, there is certainly a unique relationship between pressure 
and velocity, the author's approach only has practical merit if we 
believe it impractical to arrive at an understanding of the entire 
flow mechanism; i.e., at the interrelationships existing between 
flow and tap pressures. If this mechanism were known, evalua-
tions of pulsation errors could be based on the pressure observa-
tions directly. 

As an illustration of the difference in point of view, notice that 
the author claims no pulsation errors will exist if a high-response 
veZoc%-measuring instrument is used. This is, of course, a 
truism for the question at hand. However, note that a pulsation 
error will exist even if a high-response pressure-measuring instru-
ment is employed. It is precisely here that the crux of the prac-
tical problem lies: How does one interpret pulsation errors from 
an examination of the differential-pressure records? The author 
gives no clue to the answer to this question. 

The author may counter the foregoing criticism by stating that 
one can go from instantaneous pressure to instantaneous velocity, 
based on the argument that velocity is approximately propor-
tional to the instantaneous square-root of the pressure; this is 
the quasi-stcacly flow assumption. Unfortunately, rather simple 
theoretical arguments suffice to show that this cannot be the case. 
A quite simple visualization of the incompressible flow through a 
venturi shows that the instantaneous differential pressure is given 
by an equation of the form 

A P(t) = K{V2 + IUdV/dl) [17] 

where AP(t) is the instantaneous pressure differential, V the in-
stantaneous velocity, I the time, and K\ and K? are constants. 
For an orifice meter, since the "shape" of the effective venturi is 
continually changing during the pulsations, the form of the equa-
tion equivalent to Equation [17] is even more complex, and 
theoretically elusive. 

For simple harmonic pulsations, note that Equation [17] takes 
the form 

A P(t) = I^V2+ K3v [18] 

where v is the magnitude of the pulsating-flow component, and 
where K3 is now a parameter whose value depends directly on the 
value of the Stroubal number based on the mean flow. 

In most cases of pulsating flow it is found that the second terms 
in these equations, which represent the unsteady-flow effects, 
cannot be neglected within the confines of practical metering 
accuracies. This emphasizes the importance of arriving at a suita-
ble working hypothesis regarding the over-all flow mechanism, 
for the purpose of guiding practical decisions of meter accuracy. 
Without such an hypothesis, onljr empirical observations are pos-
sible and these, to date, have not proved adequate for the prob-
lem. 

In conclusion, the writer would like to point out that his Insti-
tute is currently studying this same problem under the sponsor-
ship of the American Gas Association. By means of a carefully 
co-ordinated program of analytical and experimental trials, it is 
hoped that further light can be thrown on this important question. 

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

The position of both discussers is necessarily far removed from 
that of the author as a result of differences in objective. Both 
discussers are intimately associated with a long-range research 
program which appears to have as its goal a means for applying 
accurate corrections under conditions where the effects of pulsa-
tion on flowmeter accuracy are severe. The}' overlook the fact 
that most flowmeter engineers have never been given a practical 
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answer in an official publication to the far less exacting question, 
"when is pulsation sufficiently intense to demand concern?" 

We take Dr. Chilton's comments in order: 
Major Comment 1: Equation [1J is based on no theory whatever 

but merely on the normal engineering meaning of volume rate and 
pipe velocity as compared with mass rate. Equation [2] is based 
on incompressible one-dimensional flow theory as clearly stated in 
the Derivation section. All the data of Fig. 1 show that varia-
tions from these assumptions have negligible influence for the pur-
pose of this paper. The burden of proof seems to the author to 
fall on those who continue to maintain the importance of such 
variations in the absence of experimental evidence. Even the 
theoretical evidence points to the fact that errors may run less 
than, but never more than, the Equation [2] values. That is, the 
value of b may be less than unity, not greater. 

Major Comment 2: The author must cite conclusion 5 of the 
paper, and can only concur that no simple universal instrument 
for measuring T (or a for that matter) to an ultimately desirable 
degree of accuracy for correction purposes is at present available. 
Nevertheless, it has been shown that meager knowledge often 
permits estimation of a and T from known causes of pulsation 
with sufficient accuracy to calculate error by Equation [2] with 
an experimental standard deviation of ±22 per cent, and that in 
one case of compressible flow, instrumentation specifically for de-
termining intensity but still ignoring wave shape cut the scatter in 
half. For the author's purpose of establishing a practical pulsa-
tion threshold, a tolerance of ±100 per cent of the calculated error 
would have been acceptable. Further progress is evidenced by 
the work of Hardway (7) and of Li (9),s and intensity measure-
ment at ever-increasing frequency is gradually resulting. Wide-
spread understanding of just what is to be measured, namely, a 
and r or the product ar2 , will accelerate such development. 

It is futile to hope that line pressure variation can be used for 
intensity determination. The instrumentation is certainly not 
"simple" and experts can make intensity estimates only by guess-
ing the combination of local and convection accelerations in every 
pipe fitting of a particular installation from reservoir to pressure 
tap. Such estimates are crude, as emphasized by Daily, et al. 
(10). The author has observed increases in line pressure pulsation 
as a result of steps which satisfactorily decreased flow pulsation. 

Major Comment 3: Dr. Chilton cites purely theoretical mathe-
matical analyses, written in symbolic form and having no means 
for evaluation, to support his contention. Dr. Hall quite properly 
included the mathematical possibility that loss terms might vary 
under transient conditions (2). The experiments of Daily, et al. 
(10) confirm that such loss variations may affect the measure-
ment of instantaneous rate during transients to a significant degree 
when pipe taps are employed with variable differential producers, 
owing to the importance of the loss terms in the recovery zone. 
Their data also show that the effect on average rate determination 
is trivial for pipe taps and virtually nonexistent for every other 
flowmeter under discussion here. It is again the author's conten-
tion that the experimental evidence of Fig. 1 speaks for itself and 
that experimental evidence to the contrary must be found before 
this comment can be entertained. 

Major Comment 4: In the original preprint of the paper the 
phase angles ai, a2, . . . were omitted in the sine series between 
Equations [9) and [10 J. The pure sine series would cover those 
periodic functions known in mathematics as "odd" functions. A 
pure cosine series includes all "even functions." The general 
Fourier series includes both sine and cosine terms and is equally 
well represented by the sine series with the arbitrary phase angles 
included. This representation has the advantage that 71, 72, etc., 
represent peak amplitudes of each frequency present rather than 
pairs of out-of-phase components of each frequency whose sine and 

6 Additional references will be found at the end of the closure. 

cosine term are determined by an artificial "zero" time. The step 
from Equation [9 J to Equation [10] can be demonstrated with 
equal validity for an odd function, an even function, or the more 
general Fourier series. Even a stepwise integration of any scrib-
bled curve of flow versus time over a period T in n steps of At such 
that n At is equal to the period T leads to a form which approaches 
Equation [10] as the number of steps, n, approaches infinity. 
The wave shape coefficient a is independent of the intensity F, 
and Equation [ 10 J stands, in the absence of actual flow reversal. 

Major Comment G: Equation [9] does not call for the "integrat-
ing of a Fourier series expansion," but for the integration of the 
square of such an expansion. This is covered by the so-called 
Parseval relation found in Churchill (11) and many other mathe-
matics texts. Rearranged in the author's nomenclature for the 
problem at hand, the Parseval relation is Equation [10]. The 
only wave shapes that can be excluded are those violating the 
Dirichlet Conditions, described by Sokolnikoff (12) and others, 
namely, such fanciful "wave shapes" as might be deemed to have 
an infinite number of maxima and minima within a single period, 
or to exhibit flow variations from minus infinity to plus infinity, 
and the like. Such violations will void the applicability of the 
Fourier series, of the Parseval relation, and hence of Equation 
[10], but are never found in pipelines. It cannot be supposed that 
Dr. Chilton is seriously invoking such mythical wave shapes 
to condemn Equation [10], and the author can only repeat, that 
Equation [10] results from the integration of Equation [9] for 
any wave shape whatever. 

Minor Comment 1: The author is grateful to Dr. Chilton for 
catching an arithmetical blunder which appeared in the preprint. 
This has been corrected in the present, text. It is a relief to know 
that the sound level must be some 80 db higher than "average 
face to face conservation" to produce T = 0.1 when air velocity is 
ten feet per second. 

Minor Comment 2: The statement in this comment is incor-
rect. Some 95 per cent of the data 011 which the Lindahl corre-
lation line is based fall between fP = 1.010 and 1.014, for an 
average of 1.012 ± 0.002 (or approximately ±20 per cent of the 
calculated error). The correlation lino shows a peak differential 
43 per cent above the average. If differential varied sinusoidally, 
the minimum should be 43 per cent below the average, and the 
approximate Equation [12] yields T = 0.86/2 = 0.43. The value 
of a = y8 leads to aT2 = 0.023. Hence the arrowheads of Fig.l. 
Thus the Lindahl article (1) precisely supports the expected ex-
ponent n = 0.5. 

It is regrettable that the author's attempt to condemn the 
use of oscillating line pressure or oscillating differential as a means 
of defining pulsation, and to insist instead 011 defining flow pulsa-
tion as a periodic variation in flow itself, should appear "subtle" 
to Dr. Goland. He would appear to favor clinging to "the data 
conventionally available to the meter engineer . . . the pressure 
pulsations at the meter." However, we are grateful to Dr. Goland 
for proceeding 011 his own to demonstrate by means of his Equa-
tions [17] and [18] why it is that pressure pulsation cannot be a 
fundamental basis for defining flow pulsation and attendant flow-
meter error, and why the author's Equation [12], while reasonable 
in gas handling, must be used with caution when fluid density and 
pulsation frequency are both high. Nevertheless, within the 
scope of the author's purpose, it must be emphasized that use of 
the approximate Equation [12], and ignoring the inertia of throats 
or pipes full of liquid between taps, which is responsible for the 
Kzv term of Dr. Goland's Equation [18], will always be conserva-
tive. That is, actual flowmeter error must be less, and never more, 
than the quasisteady value. Consequently it appears that the 
answer to Dr. Goland's question, "How does one interpret pulsa-
tion errors from an examination of the differential records?" is of 
importance only to those who are bent upon discovering a 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/78/7/1477/6852201/1476_1.pdf by guest on 19 M

ay 2023



HEAD—A PRACTICAL PULSATION THRESHOLD FOR FLOWMETERS 1479 

method of applying significant corrections for pulsation rather 
than simply knowing when pulsation is significant and taking 
action to suppress it. For this latter purpose, Equation [12] is 
adequate. For the former, if correction methods based on dif-
ferential fluctuation are to be achieved as a result of the program 
at Southwest Research Institute or any other, some experimental 
correlation of actual T deviations from quasisteady assumptions 
will be required as a function of When the X of the author's 
Equation [16] is defined as AP, we obtain 

_ £>qj/27r 

~ V ( A P / P o ) 

a dimensionless parameter equivalent in purpose and utility to 
the Strouhal number, but more uniquely suitable for the correla-
tion of any AP device as a pulsation detector. Of course any such 
program will require a maximum cost for a minimum usefulness if 
attempted in connection with just any pair of taps the meter en-
gineer happens to have available for any venturi, nozzle, or orifice 
at any /3, because each and every flowmeter geometry, Reynolds 
number, and acoustic ratio would require a separate correlation 
line. It appears to the author that maximum utility of research 
results can be achieved with a minimum of cost and time by build-
ing a pulsation probe with geometry and pipe immersion frozen, 
preferably with piezoelectric or other transducer built into the 
probe to eliminate pressure connection lines, and with impact and 
static openings so close together that the liquid column accelera-
tion influence associated with $ can be minimized. All this, of 
course, merely serves to emphasize the fact that a fluctuating AP 
must be of a sort that is a good measure oifloxv pulsation, and that 
flow variation itself has been the real measure of pulsation errors 
all the time. 

It may be helpful to the reader to point out that the two terms 
on the right of Dr. Goland's equations are not arithmetically ad-
ditive, but rather add in the fashion of waves 90 deg out-of-phase, 
so that the mass-acceleration may be surprisingly large before the 
$ influence becomes appreciable. 

Far more serious than the Strouhal number (or $ ) effects have 
been those external manometer errors peculiar to differential-type 
flowmeters. A significant contribution to the analj'sis of such 
errors has been made by Williams (13). 

Finally, with regard to the unnumbered commentary of Dr. 
Chilton and Dr. Goland: If the author had made a fantastic claim 
to have transmuted the dross of these 50 years into the purest 
gold of a valid system of measuring pulsating flow accurately, the 
labels "failure," "not practical," and "premature" would be well 
deserved. Such a valid system cannot be arrived at without major 
development and exhaustive test. However, there are some who 
doubt that this Utopia will ever dawn, and others who, while 
waiting, must utilize available knowledge to determine whether 
existing pidsations do, or do not, demand suppression. Many 
flowmeter engineers and technicians cannot afford to retain ex-
perts to guess these answers for them. Every engineer who has 
been close to a flow laboratoiy knows that perfectly steady flow is 
nonexistent. When he also reads that he must eliminate pulsa-
tion he can only conclude that accurate flow measurement is im-
possible. It was to correct this inconsistency that the author ac-
cepted this project. The tolerances found experimentally were 
much better than he had dared hope, and verify Hardway's find-
ings (7) that we can use one-dimensional incompressible theory 
to correct for pulsations when the correction is as high as 5 per 
cent if only we develop our instrumentation. More important, 
we most certainly can quiet the fears of the pessimist and dis-
rupt the false equanimity of the excessive optimist by publish-
ing what is known, not by maintaining official silence during the 
infinite time required to arrive at the perfect answer. 
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