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Correcting for Density and Viscosity of Incompressible 
Fluids in Float-Type Flowmeters 

Montgomery R. Shafer, Ernest F. Fioek, Harry 1. Bovey, and Ross B. Van Lone 

The theory of the flow of incompressiblc fluids t hrough float-type flowm eters is developed 
by t he methods of dimensional analysis. The relations t hus derived have been ver ificd 
expe"imentally for t he specific cases of five flowmeter t ubes wi t h 11 liquid hydrocarbons of 
d ifferent physical properties . Parameters t hat are suggested to describe t he performan ce 
of any floa t-ty pe flowrnetcr may be evaluated by meas uring t he float density and t he mass 
rate of fl ow of fluids of kn own densi ty a nd viscosity . Procedures are descr ibf' d whe reby , 
after cali bration of a metering t ube wi th a few ftuids of known physical propf'rt ies, accurate 
corrections may be ca lclllated for any fiuid whose proper t ies lie wi thin the ran ge cmbraced 
by t he calibration fiuids. Application of t he proposed method of ca li bration and correction 
to t he fivc metering t ubes s tudied gave corrected valu es of fiow t hat were a lways \"i thin 
o ne-qllarter percent of t he t ru e values of flow . 

I. Introduction 

In the course of a program of r esearch on the 
metering of fuels to aircraft engin es, co ndu cted under 
sponsorship of the Bureau of Aeronau ties, the efJ'ects 
of the physical proper ties of the fluid upon metering 
devices have been studi ed extensively. Those r esults 
th at pertain to the basic instrumen t'used in establish
ing actual flow rates are considered of sufficient gen
eral interest to warrant separate presenta tion h ere. 

F loa t-type flowmeters are convenien t for flow 
testing various fu el metering accessories of both 
reciprocating and jet engines because the~T indi cate 
flow rate directly. In such applications there is a 
growing demand for I'neters that can b e used with 
various liquids and for increased accuracy under 
test conditions in whi ch th e density and viscosity of 
the test liquid ma~' change with time from such 
causes as evapora tion of ligh t ends, admixture with 
h eavier hydrocarbons, or inadequate control of tem
perature. 

The word fluid appears frequ ently throughou t this 
pap er , although only liquid hydrocarbons were used 
in the exp eriments . This choice of terms was made 
for two r easons. F irst, the liquid used in testing 
the metering accessories of engines is referred to 
almost universally as the test fluid ; and second, the 
results of the present study are believ ed to apply 
also to the metering of gases, provided the pressure 
drop at the float is negligible with respect to the 
absolu te static pressure. 

The flowmeter under consideration is of the vari
able-area, constant-pressure-drop typ e frequ ently 
referred to as a Rotameter. In such an instrument 
the metering takes place at an opening b etween a 
movable float and a surrounding t ub e so shap ed 
that the metering ar ea increases as th e float rises. 
Tapered tubes of circular cross section and cylindrical 
tub es with tapered Butes have b een used with greatest 
success . Th e instrument used in th e present study 
was of the la tter type. 

:Most publish ed discussions of float-type flowmeters 

[1 to 5]1 have b een concerned primarily with th e 
basic th eory and with mech anical means for reducing 
the sensi t iv i ty to densi ty and viscos i ty of the fluid 
metered . Th e lh eo n" involves a dimensionless coef
fi cient, analogous to th e coefficient of disch arge of an 
orifice bu t more diffi cult to evalu ate and apply, s in ce 
the m etering area and tIl e upstream and downstream 
flow conditions change wi th float posi t ion. 

By ehoosing approximate values of the coefficient, 
th e theor~r may be appli ed in designing m etering 
tub e.s to have desired rangeswh en used with sp ecified 
fluid s. Du e partly to lack: of knowledge of th e 
coeffi cien t and partl~r to manufacturing tolerances, 
it has b een found desirable to calibrate each meter 
with the same fluid later to b e m etered. It h as not 
b een feasible to calcula te aecu rately the corrections 
that arc necessary wh en t he fluid nletered has prop
erties differing from those of Lhe calibration fluid . 

The present paper describes a method whereby, if 
any float-type flowmeter is calibrated wi th a limited 
number of fluids having different densities and vis
cosities, accurate values of the actual flow rate of 
any fluid having properties in the ranges of the cali
bration fluids can be calculated . A meter so calibrat
ed might have a linear scale, in which case the results 
could be expressed in the form of calibration curves; 
or it might have a scale indicating the mass rate of 
flow of some specific fluid , with correction curves 
applicable to fluids having different properties. The 
meter thus becomes a more versatile instrument, 
since it can be used for accurate measurement of the 
actual flow rates of fluid s embraeing a considerable 
range of physical properties, without an individual 
calibration for each fluid. 

The scale of the meter used in the present work 
reads directly in pounds per hour of fluid of specified 
density and viscosity, since it is common practice to 
express the rate of flow of fuel to an aircraft engine 
in this way. It is likewise common practice to ex
press density and absolute viscosity in grams per 
cubic centimeter and in centipoises, respectively. 

I F igures in brackets indicate the literature references at the end of this paper. 
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T hese units are used throughout this paper , despite 
the fact that the employment of mixed sys tems is 
obj ectionable in principle. Since numerical values 
of conversion factors are no t required for presen t 
purposes, no confusion can arise from adherence to 
uni ts wi th which the user is most familiar. 

2 . Description of the Flowmeter 

The instrumen t used in this study is one of a lo t 
purchased by the Navy in 1944 for use on Stromberg 
aircraft carburetor flow benches. It has seven tubes 
connected in series, so that when the range of one is 
exceeded, the next automatically meters the flow, in 
the range from 5 to 4,000 lb of naphtha per hour. 
Either the first four or the first six tubes may be 
bypassed by means of two valves to reduce the drop 
in pressure, which would o therwise occur wi thin the 
instrument at high flow rates. 

E ach cylindrical glass tube has four tapered flu tes, 
symmetrically spaced and parallel to its axis. These 
flu tes were so designed that indicated values of flow 
can be observed wi th the same percentage accuracy 
throughout the entire range of the meter. Within 
each tube is a spool-shaped flo at of stainless steel 
having a density of 7.589 g/cm3. 

The meter was calibra ted at the factory with a 
hydrocarbon having a density of 0.733 ± 0.002 g/cm3 

and a viscosity of 0.544± 0.01l cen tipoise, and from 
these data a scale in pounds per hour was ruled for 
each tube. Since the guaran teed accuracy was ± 1 
percen t, errors up to this magnitude are to be ex
pected in the original scales. As will be seen later , 
these errors in the original calibration and in the 
ruling of the scales ther efrom introduce some com
plications in the present effor t to ob tain valu es of 
flow that are accurate to within a few ten ths of 1 
percent. However , this difficulty can be avoided in 
other instrumen ts by specifying the accuracy of cali
bration and scaling that is desired. 

3 . Description of the Test Fluids 

For practical reasons the proper ties of the fluids 
used in this investigation were restricted to the 
ranges of interest in tes ting aircraft engines and their 
fu el accessories. In all, 11 different liquid hydro
carbons, ranging in density from 0.68 to 0.80 g/cm3 

and in viscosity from 0.39 to 1.83 centipoises, were 
used. The per tinent proper ties of each are given in 
table 1. Fluids 2, 3, 4 , 8, and 9 wer e furnished by 
the Phillips Petroleum Co. , and fluid 10 was supplied 
by the Anderson-Prichard Oil Corp . The coopera
tion of these firms is hereby gratefully acknowledged. 

T ABLE 1. Pro perties of the test fluids 

1'est T est tem - Density, A bsolu te 
flu id Descript ion viscosity, 
N o. peratu re p 

II. 

OF y/cm' Centipoises 
1 Navy test ben ch flu id (used )_ 73 0.736 0.538 
2 Soltro l-l 00 " _________ . _______ 75 . 742 1. 064 
3 Com mercial isooctancs 11.. _ __ 70 . 742 0. 554 
4 60% :';0Itr o I+40% iso o c· 73 . 741 . 793 

tanes." 
5 VarsoL ___ __ ____ __ _____ __ _ ._ 83. 5 . 770 .821 
6 Va rsol+byd rauli c oil (1) __ . _ 77 . 792 1. 278 
7 Va rsol+ h ydraulic o il (II) ___ 77 . 787 1. 135 
8 A ST lvI n-heptan e " ____ ___ ._ 80 .681 0. 386 
9 Commercial n-heptane 8. ___ _ 80 . 710 . 439 

10 Apco-457 b _____ ____ _____ ____ 80 .801 1. 827 
II K erosin e ________ __ __________ 7i . 791 1. 661 

" Supplied by courtesy of the Phj lli ps P etroleum Co. 
b Supplied by courtesy of tbe An derson-P ricbard Oil Corp . 

4. Experimental Procedure 

The two smallest tubes of the flowmeter, covering 
the range from 5 to 45 Ib/hr , were no t used because 
the accuracy wi th which the actual flows could be 
measured at these low r ates was no t sufficien tly 
high with available equipment. In each of the re
maining five tubes, actual flow rates were determined 
wi th all test fluids at positions of the float ncar the 

T ABLE 2. Swnmary of experimental results 

Actua l flow, lII , (l b /h r) of t est flu id n umber-

T ube In d icated 
ftow, M i 

I 2 3 4 5 6 7 8 9 10 11 

--------------------------------------

lb/hr 
3 55 54. 72 49. M 54. 52 52. 12 52. 99 49.81 SO. 75 M.88 55. on 46. 15 47. 78 
3 85 85. 10 79. 27 81.86 82. 07 83.58 80.25 8 1. 30 84.34 85.29 77. 48 78.30 
3 120 120.2 114. 2 120.0 117. 0 118. 9 11 6.2 117. 2 117.7 119. 8 113.7 113.5 

4 140 -- -- ------ ---- ------ .------- - - -- .-. - - --- 140. 0 ----. ----- - - - - ------ -. - - -- . --- 139. 9 133.8 ----.---- -
4 160 160. 4 154. 2 160.2 157.8 159.9 157.6 158.6 157.3 1.\9. 7 153.9 155.1 
4 180 -- - -.----- - -.--- - - -- -- - ---- - -- - - - --- - --- 180. 9 ----. ----- -- - -- - .-.- ----.----- 180. 2 174.9 ---- - -----
4 210 21 I. 7 204 . 1 211. 6 208.3 211. 7 208. 7 209.8 206.8 210.3 205. 3 206.0 
4 250 ---------- -- -- -- - --- --- - - ----- ---------- 261. 0 - - - - . - - --- -- -------- - -- -. - - --- 258. 9 254.0 .- - - - - ----
4 ~ I O 309.9 300.3 309. 7 305. 7 310.8 308. 1 309. 1 303.2 307.9 302.5 303. 1 
4 340 ---------- - --- - - - --- . - . . ---- -- - -- -. - - - - - 341. 7 - -. -- -- --- ------- - -- ---------- 338.3 332.3 ---- - -- ---

5 400 401. 8 389. 0 402.5 395. 9 403.0 398.0 399.8 391. 2 398.3 391. 0 391. 3 
5 520 522.9 S07.8 523.8 515.0 523. 7 520. 1 52 1. 2 508.6 517. 5 512.4 513.8 
5 700 70 1. 9 686. 2 703.3 694. 7 706.9 703.9 705.2 682.4 693. 5 696.8 697.4 

6 900 902.5 886.3 905. 1 898. 1 91 2.5 907. 1 909.2 880.6 893.9 894.2 896.7 
6 1200 1208 1188 1211 1200 1221 1214 1219 1178 1197 1201 1202 
6 1600 1606 1578 1609 1594 1621 1614 1620 ]570 1597 1599 1601 

7 2000 2002 1962 2007 J989 2020 2004 2013 1947 1984 1979 1980 
7 2500 2601 2558 2508 2588 2527 2521 2624 2522 2572 2596 2593 
7 3400 3395 3346 3408 -- -. -- - . -- - --- -- ---- 3421 3433 3291 3352 3396 3390 
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bottom, cen ter , and top of the tube. Tube 4 was 
calibrated in considerably greater detail , including 
four additional floa t positions with three test fluid s, 
in addition to a reference calibration at intervals of 
1 cm. Each measurement was repeated at least 
twice, and examination of the data leads to the be
lief that the error in an individual observation seldom 
exceeded 0.25 percent. The temperature of the fluid 
entering the meter was controlled to \vithin ± 1 deg 
F of the values listed in table 1 under test temper
ature. 

Three sets of equipment were used for determining 
ac tual flow rates. In earlier work with fluids 1 
t lu-ough 5, when these left the meter at rates between 
50 and 320 lb/hr, they were direc ted over a weir into 
volumetric flasks. Time, volume, and density were 
measured for each sample. Larger flows wer e de
termined by weighing and manual timing. In later 
work with fluids 6 through 11 , a gravimetric cali
brating stand with automatic timing was used 
throughout the entire flow r ange. 

D ensities of the test fluids were obtained from ac
curate hydrometer readings and the data of NBS 
Circular 410; their viscosities were determined by 
R . C. Hardy of this Bureau, whose assistance is 
hereby acknowledged . 

The average r es ults of all flo'v measurements are 
given in tables 2 and 3. 

T ABLE 3. R esults oj reJerence calibration oj tube 4 

Scale read in g Actual flow Scale readin g Actual fl ow 
rate, Af r mtc, ]vfr 

em Ni;, lb/hr lb/hr em ,\4i, lb/hr lblhr 
1 - ----- - --- 129. 9 24 219.0 220.6 
2 123.3 132. 4 25 224 . 1 225. 9 
3 135.5 135. 4 26 229.3 231. 1 
4 138. 7 138. 7 27 234.8 236.8 
5 141. 9 141. G 28 240. 2 242. 0 

6 145. 1 145. 0 29 245.9 24 7. G 
7 148.5 148. 9 30 25 1. 7 253.4 
8 151. 9 152.3 3 1 257.8 259.3 
9 155. 4 155. 7 32 263. 9 265.3 

10 159. 1 159.4 33 270. 0 271. 6 

11 162. 9 ] 63. 4 34 276. 4 277.9 
12 166.6 167. 2 35 282. 9 284 . 4 
13 170.3 171. 3 36 289.2 290. 8 
14 174. t 175.4 37 296. 1 297.4 
15 178. 2 179. 4 38 303.2 304 . 6 

16 182.3 183. 4 39 310.5 311. 8 
17 186. 6 187. 8 40 317. 9 319. 5 
18 191. 0 192. 4 41 325. 5 327.1 
19 195. 4 196. 8 42 333.3 335. 3 
20 199.8 20 1. 3 43 341. 3 343.3 

21 204 .5 206. 0 44 349. 0 35 1. 8 
22 209. 1 210. 9 45 ---------- 361. 0 
2.1 214 . 0 215. 9 

5. Analytical Considerations 

Th e problems of interest in this stud)T may be 
stated as follows. It is desircd to consider th ose 
quantities that affect th e p erformance of flo at-type 
flowmeters under s teady flow conditions; to derive 
expressions relating th ese qu an tities; to ch eck th ese 
relations exp erimentally ; and to establish th e limi
tations that apply to the final solutions. It is de
sired also to determine th e effects of density and 
viscosity of the fluid upon th e p erformance of a 

flowmeter, and to develop procedures wh ereb.\T, after 
calibration with a few Huids of known phys ical 
prop erties, accurate corrections can b e ' calculated 
and applied when oth er fluids are used. 

Previous investigators h ave developed relation 
p ertaining to the p erformancc of th ese meters by 
deriving expressions based upon Bernoulli 's equa
tion , Torricelli 's theorem, and th e law of res istance 
to flow. Although most of th ese derivations are 
sound, certain important limitations to th eir prac
tical application have b een overlooked at t imes. 
The method of dimensional analys is h as b een chosen 
from among th e various methods by which the th eof.v 
of float-type flowmeters could be pre ented. This 
method does not in itself provide a complete solu t ion. 
Ra th er, it y ields functional relations th at become 
explicit only when combined with app ropriate ex
p erimen tal data. Equations derived in this mannel' 
may then b e used to predict and expla in th e effect 
of th e various quant ities upon th e over-all p erform
ance of th e meter. 

5 .1. Theory 

Consider the float-typ e flowmeter s11 0wn sch e
matically in fi.gure 1, consisting of a verLical tap ered 
tub e, the a rea of which incrcases from bottom to top , 
through whi ch a ({uid of density p and v iscosity !J- i 
flowing upward at a constant mass rate, 1111. Within 
Lhe tub e is an obj ect that is free to move in th e ver
Lical direction and th at may b e called a float, al
thou gh its density, Ps, is greater than p . The exact 
configurations of th e tub e and float need not b e 
specified. Thu th e con ideration will apply to a 
variety of s hapes, including tub es th at are flu ted , 
b eaded and circular, and fl oats th at arc shaped like 
plumb bobs, spools, and disks . All of th ese have 
found application in practical Howmetel's. 

As a first tep, it is necessary to select those quan
t ities that may affect th e drag or resistance force, R, 
acting b etween th e flowing fluid and th e stationary 
float. Experience indicates th at R may b e affected 
by th e velocity, density, viscosi ty, and compressi
bility of the fluid and by th e various geometrical 
dimensions p ertaining to th e configuration of the 
tub e and float and to th e orientation and position of 
the float. Among these dimensions, one may be 
selected as a ch aracteristic length , D , designating 
th e size of th e meter , and all other lengths may b e 
expressed in terms of this ch aracteristic length as th e 
dimensionless ratios, 1'1, 1'2, •. . T i ' Practically, i t 
is simpler to use the mass flow rate, M , through th e 
tub e than to express th e rate of flow in terms of 
velocity, since M is m easured directl~T and questions 
as to what velocity is under consideration are 
avoided . 

The assumption is made here that the fluid is in
compressible, since primary interest here is in liquids, 
and since the derivation is simplified by omitting 
the effects of compressibility. This does no t mean 
that the results are never applicable to th e flow of 
gases, but rather that the range of applicability i 
limited to those cases in which the fluid undergoes a 
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FIGU RE 1 . Schematic 
sketch of a float-typ e 
flowmeter. 

negligible change in densi ty as it passes the floa t. 
In other 'words, the analysis does apply to gases, pro
vided tha t the drop in pressure across the floa t is 
only a small frac tion of the absolute pressure. 

Subj ect to this limitation , and under the assump
tion that only those factors discussed above con
tribu te significantly to the drag force, their in ter
dependence can be expressed in the form 

F (R, I'd, p, J.l. , D , rl, r2, . . . . ri) = 0, (1) 

where F deno tes "function of." 
This equation contains five dimensional quan tities 

and an un specified number , i, of dimensionless length 
ratios. The dimensional · qu an tities involved can 
be expressed in terms of three fund amen tal physical 
dimensions; mass (m), length (l ), and time (t) . In 
accordance wi th Buckingham 's Pi theorem [6, 7) 
eq 1 can be expressed in terms of (i+ 5) - 3= i + 2 
dimensionless quantities. Of these, i are merely 
length ra tios, ri, which defin e the shape of the meter . 
Thus eq 1 may be written 

(2) 

Various methods can be used to form the dimen
sionless variables III and II2, which con tain only the 
physical quantities R, M, p, /J- , and D. One pro
cedure is to select any three of the la t ter tha t are 
independen t, that is, no one of which can be formed 
merely by combining the other two in any way, and 
to associa te th ese tlU'ee in turn with each of the 
other two quantities so as to obtain the two dimen
sionless variables. To this end it is necessary to 
recall tha t the dimensions are as follows: [R) = [mlt- 2) ; 

[M]= [mt- J); [p) = [ml- 3) ; Lu)= [ml- Jt- l) ;",and [D) = [l ). 
Since the primary in terest is in the effects of 

viscosity upon the mass rate of flo w, it seemed de
sirable to derive III and II2 in such a way tha t one and 
only one would con tain }.II , while the other alone 
would contain /J- . Thi s left R , p, and D as the three 

quantities tha t may be in volved in both III and II2• 

On this basis the quan tities Were arran ged in th e 
form of quo tients such that the physical dimension s 
cancelled , giving the followin g: IIJ= M /D -JRp; and 
II2 = J.l. / .,jRp. 

Substitu tion of these valnes in eq 2 g ives 

f(M/D .,jRp, 
or 

(4) 

Subject only to the aforementioned limi ta tion as to 
compressibility, eq 4 should hold for all flo at-typ e 
flowmeters, regardless of the configura tions of the 
parts or of the densities and viscosities of the fluids. 
The function ¢ may have an infini te number of 
forms depending on the configura tions of the various 
parts of the meters, that is upon the 7'i ra tios. As 
these ra tios may vary in countless ways from meter to 
meter , i t is concluded that no single form of ¢, and 
th erefore no single equation , will represen t th e 
performance of flowmeters of differen t shapes. 
E ven along a single metering tube with a given 
float, the shape factors tha t influence the mo tion 
of the fluid as it passes th e float do no t r emain 
constan t. Thus it is also concluded tha t no single 
form of ¢, and therefore no single equation, can be 
expected to represen t accurately the performance 
throughout the length of a single flowmeter tube. 

However , if the considera tion be res tricted to a 
single float shape at one given flo at position in a 
par ticular metering tube, eq 4 l'educes to 

(5) 

As the stationary float is unrestrained in th e 
ver tical diJ:ection, the drag force must exactly balan ce 
th e force of gravity . Thus 

R = gv(ps- p), (6) 

in which g and v are th e acceleration of gravity and 
th e volume of the float, r espectively. 

Substitu tion of this value of R in eq 5 gives 

or 
M / D ·,,! gv( ps- p)p = ¢(J.l. / .,j gv( ps - p)p), 

M /X = ¢I(J.l. /A) , 

(7 , I 
(8) 

in which Xis used to replace the quan ti ty .,j(Ps- p) p. 
The quantities D, g, and v are constan t for any given 
floa t, so they may be omitted and their effects 
absorbed in the new function ¢l. 

For reasons tha t will be apprecia ted later , it is 
convenien t to express the relation of eq 5 in the form 

(9) 

This transformation is valid since only dimension
less quantities are being treated . Thus, referr ing to 
eq 5, it is legitimate to mul tiply M / D {lIP by 
.,jRp / /J- , glVillg M / D/J- for the left-hand member , 
and to inver t the righ t-hand member . Again R 
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is replaced by its equivalent from eq 6, and the 
constant quantihes D , g, and v are omitted as before. 

All quantities in the arguments of eq 8 and 9 can 
be measured by experiment. If the equations are 
correct, plots of M /X versus p./X and of M / J.l. versus 
X /p. should give smooth curves, the shapes of which 
constitute empirical determinations of the functions 
¢l and ¢2 for the selec ted float position . 

To make a comprehensive test of these equations, 
the actual flo '\\' rates of 11 test liquids, varying in 
density from 0.68 to 0.80 g/cm3 and in viscosity from 
0.39 to 1.83 centipoises, were measured at Lhree 
selected positions of the floats in each of five d ifferen t 
flowmeter tubes, designated as tubes 3 through 7 of the 
seven-tube meter. Nleasurements wore also made at 
four additional floa t positions in tube 4. These 
experimental data are summarized in table 2. 

Each ;)f the floats was a spool of stainless steel 
having a density of 7.589 gjcm3• Since X appears 
in bo th eq 8 and 9, and since p s was con s Lan t, a 
curve of X as a function of p , as shown in fLg UJ"C 2, 
proved convenien t in the recludion of the results. 

Figures 3 thTough 7 show 11.1./X as a function of 
p. /Xfor thefivemelering tubes. F igure 8 shows ]0.;[/ 1-' 
as a function of X /J.l. for tube 4. Each figUJ"e appli e 
for three or more float posiLions, which are designatecl 
by means of numbers on the existing scales of the 
meters. 

In every case the experimental poin ts for all tesL 
fluids at anyone float position lie on a single curve, 
with no value deviating from its eunre by more than 
Lhe experimental e1"ror of a few tenth of one percen t. 
Thus the validity of eq 1, 8, and 9 is demonstrated 
over the range of densitie and viscosities stuclied. 
This means that no factors that sign ifLcantly affeet 
the flow past the float have been omitted in the 
dimensional analysis, that the application of the 
results is limited only as stated above, and that the 
presen t tests were made within these and no other 
limitations. 
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The curves shown eould be used for calculaLing the 
actual flo-w rate of any fluid having physical proper
ties within the ranges em braced by Lh.o Le L liquids, 
provided the float eame to rest at on e of the i olated 
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positions for whi ch the curves apply . Since this is 
unlikely, a more general interpr etation of the results 
is essential to their practical application . However, 
before proceeding with this, the . application of the 
data in evaluating the separate effects of density and 
viscosity on meLer performance will be discussed. 
Such information has practical importance in estab
lishing permissible tolerances in fluid properties for 
any desired accuracy of metering and in evaluating 
changes designed to reduce the sensitivity of the 

> meter to the physical properties of the fluid by modi
fying the constituent parts. 

7 

5 .2. Effects of Changes in Viscosity, Density 
Remaining Constant 

The effects of changes in fluid viscosity upon the 
performance of the meter, provided the density of the 
fluid remains constant, can b e obtained directly from 
figures 3 to 7. The curves in these figures give the 
empirical evaluations of the function <PI of eq S. 

If the fluid density is held constant at a value Pc, X 
will have a corresponding constant value X c, and 
eq S becomes 

(8a) 

in which the subscript p indicates that the density is 
constant. Since X c is constant, NIp varies with fJ.p 

alone and eq Sa can be written as 

(8b) 

The functions <PI of eq 8, Sa, and b arc identical, 
and for any particular float position the form is given 
by the appropriate curve in figures 3 Lhrough 7. 

In order to show how lvlp varies with fJ. p, any arbi
trary value Pc may be selected. Here the value 
Pc= O.750 g/em3 is used. Compute the COlTe ponding 
value of X c, and for assumed values of JLp over the 
range of in teres t, compute values of the ratio fJ.p/ X c' 
R ead the corresponding values of ].!{p/X c from one of 
the curves of figuTes 3 through 7, and finally compu te 
M p= (M p/X c)X c for each assumed value of JLp. 

T ypical resul ts obtained in this way, applicable 
specifically to three float positions in Lube 4, are 
shown as curves of Alp versus fJ. p in figure 9. If the 
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instrument were completely insensitive to changes in 
viscosity, the curves in this figure would be horizontal 
straight lines. 

The significance of the date of figure 9 can be 
illustrated by a numerical example. Suppose that 
two fluids having a density of 0.750 g/cm3 were used 
as follows. The meter was calibrated with fluid A, 
having a viscosity of 0.4 centipoise, and later fluid B 
having a viscosity of 1.8 centipoises was metered. If 
no viscosity correction is applied, the observed flow 
rate of fluid B will be approximately 8 percent too 
high over the entire length of the metering tube. Due 
to the large difference in viscosity that was assumed, 
this figure represents a maximum that would seldom 
be approached in conventional applications. 

5.3 . Effects of Changes in Density, Viscosity 
Remaining Constant 

Equation 9 and figure 8 may be used to show the 
effects of changes in density 'when the viscosity 
remains constant. Using the same conventions and 
reasoning as before , eq 9 becomes 

500r-----~-----r-----,------r_--_, 

450~----+-----~-----+--~~ 

400~----+_----~--_T-+------r_--~ 

350~----+_----~-----+------~--~ 

210 
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:I: .... .., 
..J 

;.. 
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150 

100 

0.5 1.0 1.5 2.0 2.5 
p~ . GM/CM 3 

F IGURE 10. Effects oj fluid density u pon the flow mte at 
certain float positions i n tube .4 when J.l. c= O.60 centipoise and 
P8= 7.589 g/cm3. 

or 
(9b) 

in which the func tion </>~ depends upon </>2, P", and 
the selected value of /-L e. 

Proceeding as before, an arbitrary value is assigned 
to/-L e, the va lue 0.600 centipoise being used h ere. 
For assumed values of P~ over th e range of interest, 
compute X~= -V(Ps- p~) p ~, then calculate X j /-L e, read 
th e corresponding values of M~/ /-L e from a curve in 
figure 8, and finally eompute M~= (M~//-L e ) /-L e for each 
assumed value of Pw Results applicable to three 
float positions in tube 4 are shown in figure 10. At 
any constan t float position in tube 4, the actual flow 
of two liquids having densities of 0.6 and 0.8 g/cm3, 

each having a viscosity of 0.6 cen tipoise, differs by 
about 15 percent. 

It is to be noted that the effect of in creased visco
sity on flow r ate is in the opposite direction from that 
of increased density . For hydrocarbons in general, 
light liquids have low viscosities and heavy liquids 
are more viscous. Also , for such liquids a given 
change in temperature causes both density and 
viscosity to change in the same direction. Therefore, 
the effects of changes in these physical properties 
upon the metering will normally be of opposite sign. 
This means that th e metering error due to a change 
in density is usually compensated in part by that 
from the accompanying change in viscosity . 

6. Application of the Results 

The previous analysis sho\\'s the effects of density 
and viscosity on the performance of the meter at 
selected, isolated floa t positions. To b e generally 
useful , i t is n ecessary to develop procedmes w'hereby 
this analysis can be applied at all floa t positions 
along the metering tube. It is desired to evaluate 
corrections, preferably in the form of difference 
charts, applicable to either a single fluid of known 
density and viscosity, or to all fluids whose physical 
properties fn.ll within the range embraced by the 
calibration fluid s . 

Conventional flowmeters are usually equipped 
with either linear scales, reading in centimeters or S 
inches, or flow rate scales, grarluated in mass :flow I 
rate units of a liquid of specified proper ties. Before 
these scale readings can be utilized in applying cor
rections for d ifferen t fluids at any floa t position, a 
final reference calibration is required . 

6. 1. Reference Calibration 

Errors that may arise from imperfections ill the 
tube, from the factory calibration, and from the 
ruling and positioning of the scale can be eliminated 
by an accurate calibra tion with a single liquid whose 
physical properties need not be known . Since 
differences obtained with other fluids are reckoned 
from this calibration, it is termed a reference cali
bration. 

A reference calibration of tube 4, equipped with 
a linear scale as well as the factory scale graduated 
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in po unds per hour, was mitde itt 45 floa t positions, 
that is, at intervals of 1 cm on Lhe lineal' srale . At 
each floa t po ition the actual flo >{ raLe, M T , was 
cl e termined, the lineal' seitle was read, and the 
indicated flow, Jli t, was observcd. Thc results are 
summarized in Lable 3. 

F or a me leI' wi Lh a linear scale, Lhis calibra tion 
can be reprcsenLcd by LllC curve offiguJ'c 1] , in which 
NiT is sho\l'n a a function of Lbe posiLion of Lhe float 
in centimeters abovc an arbitral' v zero. Drawn to 
a large enough scale, such a cLU've may be used to 
read flow rates with an accuracy of abouL 0.1 percent. 

For a meter gradua ted in terms of flow, it is 
convenien t to express Lhe reference calibra tion in t.he 
form of a difference curve such as that shown in 
figme 12, which is applicable to tube 4. In this 
figuTe the differen ce l\([T-lll[t is called a composite 
OlTor , E, as it involves both accidental errors and 
systemmatic differences. Actually , the density and 
viscosity of the reference Hui.d differed considerably 
from the corresponding properties of the fluid with 
which the meter was calibrated origi.nally, so that 
the values of E should not be confused with the 
smaller errors in the original calibration from which 
Lh e scale was ruled. 

6 .2 . Combined Correction Procedure for Q Single 
Fluid 

Suppose that a given metor is to be used with a 
single fluid of lrno 'wn density and visoosity . It is 
desired to devise a procedLU'e and develop a correction 
char t from which the actual flow rate, 111, of this 
particular fluid may be calculated accurately at any 
indicated fhw rate, },I[i . 
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F I GURE 12. Composite en'or from the reference calibration of 
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It has been shown that two oorJ'ectiol1s must be 
considered, namely one for enol'S in the exisling 
scale, and one for the density and viscosi ty of Lhe 
fluid to be metorcd . D eLel'minaLion of the com
posiLe er1'or, E, as illustraLed in figure 12, provides 
a possible means of cOl'recLing for Lhe scale elTo)'s. 
From this :figul'e any observed value of indicated 
flow, M i , can be converted in Lo I he actual flow of 
Lbe reference flu id by the relation j\!IT= E + 1I1i • 

Having obtained Lhe value of 1\;iT at anyinclicated 
flow reading, the difference between th e acLual flow 
rate of the fluid to be metered and the acLual flow 
rate of the reference fluid , that is, (},;[ - 1\![T) , is clue 
solely Lo effects of difI'cr ences in density and vis
cosiLy of Lhe Lest and l'ci'el'ence fluids . 

The actual flow rate, Ai, of the fluid being metered 
is the um of Lbe quanLiLies J\;[T= E + 111it and 1V! - M T. 
Th e val ue of E corresponding to any observl'd value 
of M i can be read {rem fig ure ] 2, so Lhat JII[T is Jrnown . 
To calculate 111[ requi.res in itddiLion a cOl'rection chart 
from which the quantity N[ - NIT can be read . The 
development of such a char t will now be discussed. 

For this illustration, suppose it is d.esired to use 
tube 4 of the presen t instrument to meter a fluid 
having a density of 0.745 gJcm 3 and a viscosiLy of 
0.924 centipoise at the temperature prevailing in the 
meter. 

From figW'e 2 thE' value of X corresponding to 
p= 0.745 is seen to be 2.258. The cOlTesponciing 
value of fJ.JX for our example is 0.924/2.258 = 0.409 . 
These, as well as the following computation s, are 
tabulated in table 4. 

T ABLE 4. Computation of (lY[ - ]'.l{r) in tube -4 when p = O. 7.t,5 
g/cm3 and J.I. = O.924 centipoise 

X =2.258; ~/X=0.409 

}II ; lb/hL ____________ 140 160 180 210 2130 :l10 340 
}?loaL position , cm ____ 4. 4 to. 2 15. 4 22. 2 3l.4 39. 0 42.8 
E =!vI.-NI;, lb/ hL ___ -0.2 + 0. 4 + l.1 + 1.7 + 1. 5 + 1.4 + 2.2 
}vI.= 11/ ;+ E,lb/ hr ____ 139.8 1130.4 181. l 211. 7 261. 5 3 ll. 4 342.2 
M /X _ _ . _. ___ 60.6 69.3 78. 4 91. 6 113.2 134.7 148.2 
M = 2.258(M/X),lb/hr_ 13(;.8 156. 5 177.0 206.8 255.6 304.2 334.6 
}v[-JI;f.,lb/hL _______ - 3. 0 -3.9 - 4. 1 - 4.9 -5.9 + 7.2 - 7.6 

The first line of table 4 lists the seven float PQsi
tions, that is, values of M i , at which the calibration 
cW'ves of figure 3 were determined. The same float 
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positions, as indicated on a linear scale above an 
arbitrary zero, are given in the next line. The 
appropriate values of E, as read from figure 12, and 
the values of lI;[r=lI;[i + E are listed in the next two 
horizon tal lines. 

R eferring again to figure 3, the tabulated values 
of lI;[/X corresponding to the constant value 
J.L/X = 0.409 were read from each of the seven curves. 
The actual flow rates, M, were then obtained by 
multiplying each value of M /X by 2.258, that is, by 
the X for this par ticular example. Having thus fOlmd 
seven corresponding values of M and M n the desired 
correction, M - lI;[r can be plo tted as a function of 
M r , as is done in figure 13 . 

For the fluid chosen as an illustration, the COlTeC

t ions (M - Afr ) range from 3.0 to 7.6 lb/hr, and 
none of the seven points df'viates from the smooth 
curve by more than 0.2 percent. Hence the combined 
effect of density and viscosity is to produce regular, 
rather than stepwise, changes in metering over 
the length of the tube. 

Any indicated flow reading obtained with a fluid 
having the selected properties may now be corrected 
as follo·ws by using figures 12 and 13 . For any 
indicated flow reading, M i , the corresponding value 
of Eis read from figure 12 and the value of1l1r = E + M i 

is computed. The corresponding value of eM - M r) is 
then obtained from figure 13. Finally, the actual 
flow rate is obtained by adding M r to M - M r. 

For a meter having a linear scale, M r is read from 
figure 11 at a number of floa t positions, and the 
corresponding values of M are determined by use of 
figure 13 . A calibration curve applicable to this 
specific fluid may then be plotted in terms of Mas 
a function of the position of the floa t in centimeters. 

6.3. Combined Correction Procedure for Any Fluid 

Application of t he procedure outlined above 
requires a correction chart or calibration curve for 
each fluid to be m etered . If several different fluids 
are to be metered , a more general method of correc-
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FIG U RB 14. Generali zed correction chart for table 4. 

tion is desirable, that is, one which is applicable to 
any float position and to any fluid for which the 
value of }J. /X lies within the range embraced by the 
calibration fluids . 

As in the previous example, corrections for both 
the composite error and the properties of the fluid 
must be considered. The composite error may be 
treated as before, by converting indicated flow rates, 
M i , to actual flow rates, }.tl r , of the reference fluid 
through the use of figure 12 . It is then necessary 
only to develop a chart to correct for differences 
between the densities and viscosities of the reference 
fluid and any other fluid that may be metered. The 
development of such a chart will now be discussed. 

For the present consideration of a float of constant 
shape, regardless of its position within a single 
metering tube, eq 7 may be written as 

M /DX gv= 4>(}J. /X.Jgv, r), (10) 

in which the dimensionless ratio r is used as an 
indication of the float position. 

With any constan t va lu e of the parameter 
}J./ X -/iV, the product J.Vl/DX..JiV will be a function of 
r alone. For this particular condi tion it is pCl·mis
sible to write 

(M/DX-vgv) - r= 4>3(r) (lOa) 

where the form of the function 4>3 will be different for 
each value of J.L /x.fijV. 

The dimensionless ratio r has been used to define 
float position. As will be seen in figure 11 , this can 
also be defined by M r; thus, r may be replaced by 
M r. Also, it is useful and permissible to multiply 
l\!f/DX.Jgv by a dimensionless number A. Equa
tion lOa may now be written as 

(AMI A) - M r = 4>4 (Mr). (lOb) 
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TABl~E 5. Com putation oj [2.3 (M j X) - M r J i n tube 4 at assumed values oj }J. j X 

.1\1i ]vI, Il/X = 0.2 

lb/hr em lbfhr 
{NIIXfrom fi g. 3 _____________ ____ 03.20 

140 4.4 139.8 U ~i:..:M,~==::::: : ::=:=::=::: 145.4 
5. 6 

{IT~§~0,~~~::::::::::::::::: 
72. 15 

160 10.2 160.4 165.9 
5.5 

{IT~)}~ij,~~~:::::::::::::::: : 
81. 45 

180 15. 4 181.1 187.3 
6.2 

{IT~}~ij,:::::: : ::::::::::::: 
94.93 

210 22.2 211. 7 218.3 
6.6 

{IT~}~iL~::::::::::::::::: 
116. 9 

260 31.4 261. 5 268.9 
i .4 

{IT~}~0,:::::::::::::::::::: 
139. 0 

310 39.0 311. 4 319.8 
8. 4 

{IT~}~0,:::::::::::::::::::: 
152.8 

340 42.8 342.2 351. 4 
9. 2 

Neither D, v, or 9 varies for any parti cul ar float, so 
that they may be omitted if their efl'ects are absorbed 
in the new function c/>4' 

R estating the limi Lations, Equation lOb appli es to 
a constant float shape, regardless of position within a 
single metering tube, for any constant value of 
Il / X. By arbitrarily choosing value of iJ. / X in the 
range of interest, a family of curves of (AM/X 
M r) versus A!{r can be obtained, as has been done in 
figure 14. 

Although the constant A may be assigned any 
arbitrary value, it is desirable tha t the quantity 
AM/X - A!{r be kept small so that correction curves 
made therefrom can be read to a high percentage 
accm acy. This situation prevails when A is ap
proximately equal to the average value of X for the 
calibration fluid s, which, in the present case was 2.3. 
rrhis value was th erefore used in computing table 5, 
from which figure 14 is plotted. 

The developmen t of this table and figure, again 
applicable to tube 4, will now be explained . Column 
1 of table 5 lists the seven values of M i at which 
the calibration CUTves of figure 3 were determined. 
These same floa t positions, as indicated on a linear 
scale above an arbitrary zero , are given in column 2. 
Corresponding flow' rates, A!{r, of the reference fluid 
may be obtained from either figure 11 or 12, and are 
lis ted in column 3. 

Values of Il /X from 0.2 to 0.8 , in intervals of 0.1 
were chosen arbitrarily. F or each of these, seven 
values of },!{/ X were read from the curves of figUTe 3, 
and the quantities 2.3 M /X and 2.3 M /X - M r were 
computed and tabulated. The latter values were 
plotted versus }'Cin figure 14 for each of the chosen, 
constant values of iJ. /X. From this family of curves, 
used in conjunction with figure 12 when the meter has 
been scaled to read in terms of flow rate, any indi
ca ted value of the latter can be converted into actual 
flow rate, provided only that the density and viscosity 
of the fluid being metered are known , that calibra
tions such as those of figures 3 and 12 have been 
made, and that the properties of the fluid lie within 
th e ranges embraced by the calibration fluids. 

0.3 0.4 0.5 0.6 0.7 0.8 

61. 72 60.70 59.90 59. 20 58.40 57. 10 
142.0 139.6 137. 8 136.2 134.3 131. 3 

2.2 - 0.2 - 2. 0 -3.6 - 5.5 - 8.5 
70.52 69.35 68.40 67.65 66.90 65. 70 

162.2 159.5 157.3 155.6 153.9 151. 1 
1. 8 - 0. 9 -3. 1 - 4.8 -6.5 - 9.3 

79. 70 78. 45 77. 40 76. 55 75.80 74. 80 
183. 3 180. 4 178.0 176. I 174. 3 172. 0 

2.2 -0. 7 -3. 1 -5.0 - 6.8 -9. 1 
93. 10 9 l. 73 90.62 89. 72 88.95 7.80 

214. 1 211.0 208.4 206.4 204.6 201. 9 
2.4 - 0. 7 -3. 3 -5.3 -7. 1 - 9. 8 

114. 8 113. 3 11 2.0 11 0.8 109.8 108.6 
264.2 260. 6 257.6 254.8 252.5 249.8 

2.7 -0.9 -3. 9 - 6.7 -9.0 - 12. 5 
136.6 134.8 133. 4 132. 0 130.8 129.5 
314.2 310.2 306.8 303.6 300. 7 297.8 

2.8 - 1. 2 - 4.6 - 7. 8 - 10. 7 - 13. 6 
150.3 148.8 146.8 145.3 143. 8 14 2. 1 
345.7 34 1. 3 337.6 334.2 330.7 326.8 

3.5 - 0. 9 - 4.6 -8.0 - 11. 5 - 15. 4 

To illustrate the use of figurc 14, ass ume that a. 
fluid having p= 0.740 g/cm3 and iJ. = 0.924 centipoise 
is flowing through tube 4 at an indicated flow rate of 
310 lb /hr. From figure 12, E = 1.4, so tha t ]VIr= 
311.4 1b/hr. From figure 2, X = 2.258 . The value of 
iJ. /X is 0.409. From figure 14, by interpolation to 
iJ. /X = 0.409, at M r= 311.4, 2.3M/X - M r=- 1.5. 
The actual flow r ate is 

]vI = [(AM/X - A!{T) + },t{rlX/A 

= (- 1.5 + 311 .4) (2.258/2.3) = 304 .2 Iblhr. 

It \'lill be noted that this is iden tical with the va.lue· 
computed by a different method in table 4. 

A procedLu'e has been described whereby a float
type flo"wmeter may be used to meter any fluid having 
a value of iJ./ X within that range embraced by thos 
fluids used to calibra te the meter . Question 
concerning the extent of the calibration and the 
accuracy of the procedure naturally arise. These 
canno t be answered explicitly, because much depends 
upon the characteristics of the instrument under' 
consideration . For a meter already calibrated and 
scaled , the accuracy of previolls work is also involved. 
Still another factor that varies from meter to meter is 
the extent and manner in which M /X changes with 
iJ./X. If, for example, the curves of figures 3 tlwough 
7 were approximately s traight lines over the range of 
interest, calibration with thTee fluids would suffice . 
Another design might show sudden changes in the 
relation between M /X and iJ. /X, particularly at high 
values of iJ.IX . In this case five or even more 
calibration fluids would be required. Since this 
relation can be determinerl only by experiment, th ese 
curves should n ever be extended beyond those 
values of iJ./X for which experimental data are 
available. 

For the meter used in the presen t study it appears: 
tha t calibration with 4 or 5 fluids instead of 11 would 
have sufficed to define the curves of figures 3 to 7. 
It also seems, because of the smoothness of the curves 
of figures 13 and 14, that calibration of each tube at 
four floa t posit ions would have been ample. Posi-
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tions close to both top and bottom of the tube should 
be included, because of the effects of entrance and exit 
flow conditions. When the flow pattern 'within the 
tube is influenced by the connections to the meter, 
the same connections should be used during calibra
tion and service. 

For the reference calibration yielding figures 11 and 
12, approximately one-third the number of points 
taken would have sufficed for a meter of this quality. 
How'ever, if the tube and its scale had been crudely 
made, it might have been necessary to calibrate at 
in tervals of less than 1 em . 

7 . Summary 

The float-type flowmeter is very convenient fOl' 
measuring instantaneous rates of How. Results 
accurate to within a fe\v tenths of 1 percent can be 
attained with the meter used in the present study, 
provided adequate cOlTections are applied for the 
effects of the density and viscosity of the test liquid, 
and for imperfections in the original calibration and 
scale. 

Usually such meters are calibrated and scaled at 
the factory in mass flow rate lmits for a liquid of 
specified properties. The present work was under
taken in an effort to develop means whereby the 
meter need not be calibrated directly with each 
liquid that is to be metered . The results show that 
this can be accomplished for meters of the quality 
used in these tests by calibrating each tube initially 
at four positions of the float with four or five fluids 
having physical properties embracing the ranges of 
future interest. Calibration with one liquid at a 
grea ter number of float positions is also required to 
eliminate errors due to possible imperfections in the 
tube and its scale. With such calibrations avail
able , methods are presen ted whereby correction 
charts or calibration curves applicable to all fluids 
having properties within the ranges of those used in 
the calibration may be computed. 

The present analysis expresses flowmeter perform
ance as a fLmctional relation between the parameters 
M IX and MIX. These parameters are developed by 
dimensional analysis, supplemented by experimental 
verification of the fact that no quan tity that has a 
significant effect on the flow of fluid past the float of 
the meter has been omitted. The analysis is general, 
in that it applies to all kinds of floa t-type flowmeters, 
regardless of the configuration of tube or float . The 
derived relations apply for all imcompressible fluids 
and for gases lmder the limi ted condition that the 
drop in pressure across the float shall not be an appre
ciable fraction of the absolute pressure. 

The analysis also indicates why previous attempts 
to develop theoretical equations applicable through
out the entire length of one flowmeter tube, or for 
more than one meter, were not markedly successful 
Actually it is not to be expected that a single theoreti 
cal equation can express accurately the performance 
of a single flowmeter over its entire length under all 
conditions likely to be encountered in service. 

Experimental values of the parameters A11X and 
MIX, obtained from calibrations with a series of 
fluids at selected positions of the float, arc shown to 
be useful , no t only in determining corrections that 
must be applied when fluids having o.ther properties 
are metered , but also in evaluating the separate 
effects of density and viscosity on meter perfOl'mance . 

Most of the results presented apply specifically to 
tube 4 of the meter actually used in these tests. 
Similar results with other t ubes confirm the sound
ness of the proposed method of cOl'rection, but do not 
require presentation in detail. Whereas the cali
bration procedure and the methods suggested for its 
subsequent use, as outlined here, are believed appli
cable to float-type flowmeters in general, it is empha
sized that the numerical values quoted apply only to 
the specific meter used , and that the correction charts 
are intended as examples, and not for use with any 
other ins trumen t. 

The suggestions and assistance of H. N. Eaton, 
Chief of the H ydrauli cs Section, in applying th e 
methods of dimensional analysis to the present 
problem are gratefully acknowledged. 
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