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PREFACE 

The viscous air flow meter was designed in an attempt to attain 

greater accuracies in the measurement of fluid flow. Since this device 

gives a linear relation between pressure drop versus rate of flow data, 

it is free from the 11 root mean square 11 errors of the conventional "ki

netic type" flow measuring devices when measuring pulsating flows. It 

is also insensitive to installation variables since the velocities of 

flow are low and it may therefore be used as closely as desired to 

elbows, reductions, valves and gateso Since this device has been in 

use only a short time very little information about it is available •• 

The Husain Viscous Air Flow Meter was built and tested but for some 

unknown reason the test results were quite different from the ex

pected results, The purpose of this paper is to show why this differ

ence existed and to determine the flow capacity of the Husain meter. 

Throughout the writing of this paper it has been presumed that the 

reader is familiar with hydrodynamics and has a knowledge of con

ventional flow measurement by means of nozzles, orifices and venturL 

Lengthy discussions of basic theory are therefore omitted. These may 

be found in most hydrodynamics or fluid mechanics textbooks. Only 

where necessary for clarity are new terms explained. The abbreviations 

and symbols used are all standard and are explained where necessary in 

the text. Sample calculations are included in the appendix. 

I wish to express my thanks to Professor W,H, Easton for his in

valuable aid and assistance in the writing of this paper~ to Professor 
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Bert S. Davenport and George M. Cooper for aid in setting up the appa

ratus, and to Professor Ladislaus .J. Fila for a word of encouragement 

when I most needed it. 
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CHAPTER I 

INTRODUCTION 

The accurate measurement of the amount of fluid flowing into or 

from a mechanical device such as an engine, turbine, pump or blower 

has always presented quite a problem. Ordinarily devices of the "ki

netic type" such as orifices, nozzles and venturi are used because of 

their simplicity. Under conditions of pulsating or unsteady flow these 

metering devices do not provide satisfactory accuracy unless large and 

expensive smoothing tanks are employed since the rate of flow is roughly 

proportional to the square root of the measured pressure drop. Since 

these devices of the "kinetic type" are sensitive to both upstream and 

downstream effects, great care must be exercised to duplicate the con

ditions under which the device was calibrated in order to prevent intro

ducing additional errors due to variations in installation. The range 

of flow over which any particular size orifice, nozzle or venturi gives 

accurate flow-metering is also quite limited. 

A highly desirable metering device would be one having a pressure 

drop across it which is directly proportional to the flow rate, having 

a considerable range bf flow capacity and measuring pulsating flows as 

accur?,tely as steady flows. Such a device is the viscous air flow meter. 

This device operates in the laminar flow region rather than in the·'· 

turbulent region as do meters of the orifice type. 
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A Viscous Air Flow Meter was designed and tested by Syed Vicar 

Husain but although a linear relationship was definitely found to exist 

between the pressure drop across the meter and the flow rate, the re-

sults lacked correlation with the theoretical calculation upon which 

the meter was designed. The range of flow over which linear pressure 

versus flow rate relationships existed was also not determined due to 

test equipment limitations.1 

Further research and testing appeared warranted in order to find 

the reason for the difference between the theoretical and the actual 

flow rate and to determine the flow capacity of this metering device. 

With as close adherence as possible to the original test con-

ditions, additional tests were run using a roots type blower instead 

of an internal combustion engine and the flow capacity of the meter was 

determined. 

2 

Is. Vicar Husain, Ih!a Design and Calibration of~ Viscous Air 
Flow~, (unpublished Masters Report, Oklahoma A. & M. College, 1955) 



CHAPTER II 

THEORY OF VISCOUS FLOW 

The viscous element operates in the region where the flow 

through the element passages moves in parallel layers each with a 

velocity in the same direction but with a magnitude of velocity which 

is a function of the distance from the layer to the surfaces of the 

passage. In the case of circular cross section tubes these layers 

would be a series of hollow concentric telescopic cylinders slipping 

over one another, the outermost being a.t rest relative to the walls of 

the tube, the innermost having the maximum velocity magnitude. 

Velocity Profile 

Figure 1. Laminar flow in circular tube 

In this region of flow the effects of viscosity are so predominant 

that the effect of inertia may be ignored. As the rate of flow through 

the element increases the layers intermix, the flow becomes turbulent, 

and the equations for viscous flow no longer hold. 

Jean Louis Marie Poisseuille first investigated this "laminar flow" 

in 1842 while studying the circulation of blood in small capillaries 

and developed the law which bears his name. Poisseuille 1s law states 

3 
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that the pressure drop /j, P between two points a distance 111 11 apart 

in a tube of "r" radius through which a fluid of viscosity '!/'.\ 11 is flow-

ing with a mean volumetric rate of flow "Q" is given by 

£). p = 8 Lh,Q 
1r r4 

Although Poisseuille determined the equation experimentally, it has 

been identically developed mathematically from the general viscous flow 

relations equating the pressures on the ends of the layers. The genera.l 

equation of flow is: 

where the flow is in the direction of 11X11 with a velocity 11 v 11 

This general equation may also be written as.: 

dP = 
ax 

-k /'.'\V 
aT 

where 11k11 is a numerical constant determined by the particular shape of 

passage, 11d 11 is the least depth of section and 11V11 is the mean velocity 

of flow. Values of 11k 11 for various cross-sections have been determined 

as shown in Table I. 

In the design of the Viscous Air Flow Meter by Husain, triangular 

passages were used. The expected pressure drop for various rates of 

flow were calculated using Poisseuille 1s equation modified by the intro-

duction of the "hydraulic mean radius" of the triangular passages. Al-

though use of this parameter gives results which are in fairly good 

agreement with experimental results for turbulent flow, its use for 

laminar flow may give very inaccurate results. 1 

The theoretical pressure drops calculated using the hydraulic mean 

radius were found to be almost twice as great as the actual measured 

----rR.C. Bind;;;; Fluid Mechanics (3rd ed., Prentice Hall, 1955), p • .123, 



pressure drops, whereas good correlation was obtained when the proper 

value of "k" for triangular passages was used. 

TABLE I 

VALUES OF "k" FOR VARIOUS CROSS-SECTIONS1 

Parallel Plates 

Circular Tube 

Elliptical Tube 

Square Tube 

Rectangular Tube 

Narrow isosceles triangle 

Equilateral triangle of side "d" 

k = 12 

k = 32 

k = 20 for (a/b:2) 

k = 28.6 

k = 17,5 for (a/b=2) 

k = 24 

k = 80 

I H.F. Purday, An Introduction 1Q the Mechanics of Viscous Flow, 
(Dover Publications Inc., 1949), p. 28. 
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CHAPTER III 

STATEMENT OF PROBLEM AND ANALYSIS 

The primary purpose of this investigation was to determine the 

flow capacity of a particular viscous air flow meter so that its range 

of utility might be known. A secondary objective was to discover why 

the actual pressure drops across the meter were far less than the calcu

lated theoretical pressure drops. 

The equation for pressure drop in a viscous flow meter is given 

by: 

where C1 a.nd c2 are constants and e is the fluid density. 

By proper design and at low rates of flow, C1 approaches zero 

and the kinetic term of the equation may be ignored. At higher rates 

of flow the kinetic term is no longer negligible and eventually, at 

still higher flow rates, the flow is fully turbulent and the viscous term 

of the equation becomes negligible. This is the condition existant 

in nozzles and orifices when operating in their design region. It can 

be seen from the above equation that in the case of the viscous element 

the pressure drop is directly proportional to the volumetric rate of 

flow, while in the nozzle or orifice the pressure drop is proportional 

to the square of the volumetric rate of flow. 

In order to determine the flow capacity of the Husain meter, it 

was necessary to either increase the rate of flow until transition to 

turbulent flow occured or to decrease the flow area of the meter there-

6 



by increasing the velocity of flow. 

As in the original testing of the meterj Standard· ASME nozzles 

were used for calibration. 

7 



CHAPTER IV 

DESCRIPTION OF THE APPARATUS AND EQUIPMENT 

The viscous flow meter consists of a cylindrical center section 

fourteen inches long containing the viscous element, the filter and 

the pressure pickup tubes and conical sections on either end reducing 

the fourteen inch inside diameter of the center section to four inches. 

It is sixty-three inches in overall length. A schematic view is shown 

in Fig. 2. 

The viscous element (Fig. 3.) is made of two long strips of alumi

num foil, one corrugated and one plain, wrapped around and around a 

central wooden core, making the element fourteen inches in diameter 

and 5.2 inches long. The passages are thus approximately triangular 

with dimensions as given in Fig. I+. 

The viscous meter was installed on the suction side of a positive 

displacement blower driven by a Varidrive having a 20 hp electric motor. 

The ASME standard nozzles were installed well upstream of the meter in 

accordance with ASME Power Test Codes for Flow Measurement. 

Oil manometers (vertical and inclined) were used for measuring the 

pressure drops. 

Polyethylene plastic film of 3 mil. thickness was used to reduce 

the flow area as shown in Fig. 5 and 6. This material was found to be 

pliant enough to effectively seal off the unwanted are.a in spite of the 

irregularity in the face of the viscous elements. 

8 



Pressure pickup tubes 

-- ~ fll xMtl 

Filter __/ ~ Viscous Element 

Figure 2. Schematic View of the Viscous Air Flow Meter 
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Approximate Triangular Passage 
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Figure 5. Viscous Element masked off for 50% Area. 

Fiirure 6. Viscous Element masked 0ff fnr 12.5% Area 

Figure 7. Vien of Test Set lTp . 



CHAPTER V 

PROCEDURE 

After installing the meter as shown in Figure 7., the barometric 

pressure and room temperatures were read and recorded, the manometer 

scales were adjusted to zero and the Varidrive started. The speed of 

the "Varidrive" was varied in increments and the pressure drops across 

the meter and nozzle were recorded for each speed. A waste gate in

stalled on the suction side of the blower served to reduce the flow 

through the meter when the blower was operating at minimum speed. 

Upon plotting the results of the runs using all of the flow area 

of the meter, it was discovered that the capacity of the blower was in

sufficient to produce the quantity of flow necessary to produce fully 

turbulent flow in the meter. It was therefore necessary to reduce the 

flow area of the meter in order to increase the velocity of the flow. 

This was accomplished by masking off part of the face of the viscous 

element with polyethylene plastic film. Runs were made using one-half, 

one-eighth and finally one-sixteenth of the original area of the meter 

before complete transition to turbulent flow was attained. 

12 



CHAPTER VI 

DATA AND RESULTS 

The observed data are shown in Tables II and III. The calculated 

data are shown in TABLES IV through VII. The results are shown on 

Figures 8 through 11. Figures 8 and 9 show the rates of flow versus 

pressure drops across the meter at standard conditions. A comparision 

between the theoretical pressure drops and the actual pressure drops is 

also shown for the run using the full flow area of the meter. Figures 10 

and 11 are plots of the pressure drops across the meter versus the 

pressure drops across the nozzle plotted on logarithmic paper. 

13 
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TABLE II 

OBSERVED DATA 

Date: December 19, 1955 
Barometric Pressure: 29.54 in. Hg 
Room Temperature: 70° F 
Specific Gravity manometer oil: .85 
ASME nozzle size: 2 in. 
Flow meter area: 123 sq in. (100%) 

Varidrive 
Speed 

rpm 
100 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

6. PN 
(nozzle) 
in. oil 

2.82 

3.88 

5,15 

6. 50 

8.20 

9,90 

11.75 

13.75 

15.95 

18.36 

20.85 

23.42 

26.00 

28.70 

31.20 

33,45 

35.10 

35,80 

I 6.PM 
(meter) 
in. H20 

0.190 

0.221 

0,259 

0.292 

0.330 

0.365 

0.400 

0.431 

0.466 

0.500 

0,532 

0.567 

0.600 

0.631 

0.660 

0.685 

0.706 

o. 710 

Date: December 27, 1955 
Barometric Pressure: 29.16 in. Hg 
Room Temperature: 72° F 
Specific Gravity manometer oil: . 8' 
ASME nozzle si7.e: 2 in. 
Flow meter area: 61. 5 sq in. ( 50%) 

Varidrive 
Speed 
.rm 
100 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

6. PN 
(nozzle) 
in. oil 

1.65 

2.55 

3.60 

6.25 

7.80 

9.40 

11.12 

13.05 

14.85 

16.87 

18.50 

20.07 

21,45 

h.pM 
(meter) 
in. H20 

0.280 

0,351 

0.425 

o.505 

0.577 

o.651 

0,723 

0.795 

o.870 

0.931 

1.001 

1.08 

1.15 

1.19 
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TABLE III 

OBSERVED DATA 

I 

Date: December 29, 1955 
Barometric Pressure: 30.56 in. Hg 
Room Temperature: 70° 
Specific Gravity manometer oil: .85 
ASME nozzle size: 2 in. 
Flow meter area: 14.9 sq in.(12.5% 

Varidrive 
Speed 
rm 
100 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

6. PN 
(nozzle) 
in. oil 

1.58 

2.45 

3.58 

4,65 

6.05 

7.48 

9.00 

10.42 

12.35 

14.10 

16.00 

17.60 

20.95 

23.25 

24.80 

6 PM 
(meter) 
in. H20 

1.25 

1.56 

1.96 

2.30 

2.71 

3.10 

3.45 

3.80 

4.23 

4.60 

5.01 

5.30 

5,98 

6.40 

6.68 

I 

Date: December 30, 1955 
Barometric Pressure: 29.75 in. Hg i 
Room Temperature: 70° 
Specific Gravity manometer oil: .85 
ASME nozzle size: 2 in. 
Flow meter area: 7.45 sq in.(6.25% 

Varidrive 
Speed 
.Im 
100 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

6. p 
(nozzfe) 
in. oil 

2.35 

3.19 

4.32 

5.40 

6.70 

8.05 

9.50 

11.52 

13.30 

15.05 

16.60 

18.50 

20.05 

21.00 

~ PM 
(meter) 
in. H20 

3.32 

J.92 

4.80 

5.60 

6.60 

7.56 

8,40 

9.70 

10.80 

11.75 

12.85 

14.05 

15,05 

15.60 
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TABLE IV 

CALCULATED DATA 

Barometric Pressure: 14,50 psi 
Room Temperature: 70° F 
Flow meter area: .855 sq ft (100% area) 
Nozzle discharge coefficient: 0.993 
Air density: 0.0739 lb/cu ft 
Air Viscosity: 3,79 X 10-7 lb sec/sq ft 

6 :N y-1* w Q V* W7TP-1f b.. PMm * 6 PMt,-1* % 
psi lb/sec cfs fps lb sec psi psi diff 

.0861 ,997 .. 170 2.30 2.69 ,183 .00685 ·.00662 3.5 

.157 .994 .230 3.12 3,65 .248 .00935 .00896 3,5 

.250 .989 .287 3.89 4,55 .309 .0119 .0112 6.2 

,352 .986 ,340 4,61 5.40 ,366 .0144 .0132 8.2 

,487 .982 .398 5.40 6.32 .428 .0168 .0155 8.4 

.636 .975 ,452 6.13 7.17 ,487 .0192 .0176 9.1 

.794 .969 .502 6.80 7.96 ,540 .0217 .0195 11.1 

.951 .964 .546 7,40 8.66 .588 .0238 .0213 11.7 

1.07 .959 ,576 7.80 9.12 .620 .0255 .0224 13.8 

1.09 .958 .582 7.90 9,24 .626 .0257 .0227 13.2 

*Y is nozzle expansion factor 
Vis flow velocity through meter 
Wsip is weight rate of flow at standard temperature and pressure 

Mm is measured pressure drop across meter 
l\1t is calculated theoretical pressure drop 
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TABLE V 

CALCULATED DATA 

Barometric Pressure: 14.30 psi 
Room Temperature: 72° F 
Flow meter area: 0.427 sq ft (50% Area) 
Nozzle discharge coefficient: .993 
Air Density: 0.0732 lb/cu ft 
Air Viscosity: 3.80 X 10-7 lb sec/sq ft 

I 

~PN Y* w Q V-l* w * b,p:Miri,i* b,pMt % 
7TP .. lb/sec cfs fps lb sec diff. psi psi psi 

.0505 ,998 .130 1.78 4.17 .138 .0101 .0102 -1 

.0782 .997 .161 2.20 5.16 .171 .0127 .0127 0 

.110 .995 .192 2.62 6.14 .202 .0153 .0151 1.3 

.153 ,994 .225 3,07 7.20 .239 .0182 .0177 2.8 
I 

.192 .993 .253 3,46 8.11 .269 .0208 .0200 4.0 

.239 .991 .280 3.82 8.95 .297 .0235 .0220 6.8 

.289 .989 .306 4.18 9.80 ,325 .0260 .0241 7.9 

,341 .987 ,334 4.56 10.7 .354 .0286 .0263 8.75 

.400 ,984 .360 4,92 11.5 .382 .0312 .028.3 10.2 

,517 .979 .406 5,54 13.0 ,431 .0362 .0320 1.3,1 

.568 .977 ,435 5,94 13,9 ,462 .0.389 .0342 13.7 

.615 .975 ,442 6.03 14,2 ,469 .0415 .0349 18,9 

.658 .974 ,457 6.24 14.6 ,485 I .0429 .0359 19 .5 I 
*See TABLE IV 
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TABLE VI 

CALCULATED DATA 

Barometric Pressure: 15.00 psi 
Room Temperature: 70° F 
Flow meter area: .1035 sq ft (12.5% A:rea) 
Nozzle discharge coefficient: .993 
Air density: 0.0763 lb/cu ft 
Air viscosity: 3.79 X 10-7 lb sec/sq ft 

-

I 6~N y1~ w Q Vi} WSTP1~ 6 P:MJt 6 PMt % 
psi lb/sec cfs fps 11.p/sec psi psi d.iff. 

.0482 .998 .129 1.69 16.3 .131 .0451 ,0417 8.1 

.0746 .997 .161 2.11 20.5 .163 .0563 .0505 11.5 

.109 ,995 .177 2.32 22.L, .179 .0708 .0551 28.5 
I 

! 
.142 .994 .221 2.77 26.8 .225 .0830 .0660 26.0 

.184 ,993 .250 3.28 Jl.2 .252 .0978 .0768 27.6 

.228 .992 .280 3.67 35.5 .284 .112 .0873 28.6 

,274 .991 .308 4,04 39.0 ,313 .124 .0960 29.2 

.318 .988 .330 4.45 43.0 .335 .137 .106 29.6 

,376 .985 ,356 4.67 45,1 i .361 .152 .111 37.0 

,430 .983 .381 5.10 49,3 .387 .166 .121 37.0 

,487 .981 ,406 5.32 51.4 .412 .181 .126 . 43.5 

,537 .979 ,425 5.57 53. E .431 .191 .132 44.6 
I 

.640 .976 .462 6.05 58.5 I ,468 .216 .144 49.8 

.710 .972 ,485 6.36 61.5 ' ,492 .231 .151 53.0 

,756 .971 ,499 6.53 63.1 I • 506 .241 .155 55,5 

{~See TABLE IV 
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TABLE VII 

CALCULATED DATA 

Barometric Pressure: 14.60 
Room Temperature: 700 F 
Flow meter area: .0517 sq ft ( 6.25% Area) 
Nozzle discharge coefficient: .993 
Air density: .0744 lb/cu ft 
Air viscosity: 3.79 X 10-7 lb sec/sq ft 

- I 

L1:N Y{} w Q v{} 1g7~:c 6.PMm~} t;. P~rt % 
psi lb/sec cfs fps psi psi c1 iff. 

.0722 ,998 .156 2.10 40.7 .162 .120 .100 20 

.0975 ,995 .180 2.42 46.8 .187 .141 .108 30.8 

.132 .994 .210 2.82 54,6 .218 .173 .134 28.4 

.164 .993 .234 J.15 61.0 .243 .202 .150 34.6 

.205 .992 .261 3,51 68.0 .271 .238 .167 42,5 

.246 ,991 .286 3.85 74,5 .296 .272 .183 48,6 

.291 .989 .311 4.18 81.0 ,323 .303 .199 52.2 

,353 .987 .342 l+.60 89.0 ,356 .349 .219 59,4 

,408 .984 ,366 4,92 95.2 .381 . 390 .234 71.0 

.461 .981 .389 5.23 101 .405 .424 ,248 71.0 

. 510 .979 -41~0 5,92 114 ,457 ,464 .280 65.8 
I 

,568 .978 ,467 6.28 121 ,4.86 .507 .298 70.0 

.628 ,975 ,484 6.50 126 .504 .563 .310 81.5 

1}See TABLE IV 
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CHAPTER VII 

DISCUSSION OF RESULTS 

Figure 8 shows that for rates of flow up to approximately 0.6 lb/sec 

when using the total flow area, the viscous air flow meter has a pressure 

drop across it which is directly proportional to the rate of flow. Above 

this critical flow rate, transition to turbulent flow can be seen to oc

cur in that the curves become parabolic. Figures 8 and 9 show that for 

the runs using less than the full area.j the transition occurs at corre

spondingly lower flow rates. The graphs on the logarithmi~·:paper·,:, F-ig

ures 10 and 11, show that while the meter is operating in the viscous re

g.:ian:'it1lllas, pressure dr9ps across it· which· bear a· squaxe: root: rela.ti·on

ship (slope equal to 1/2) to the pressure drops a.cross the nozzle but· 

on reaching the transition region the slope gradually changes from 1/2 to 1. 

For the run using one-sixteenth of the total area, Figure 11 shows graphi

cally that the viscous meter at higher flow rates is operating exactly 

like a nozzle, in that the slope is 1. 

The theo_retical pressure drops calculated using the general flow 

equation are found to agree closely with the measured pressure drops while 

the flow is predominantly laminar. A value of 11k" of 80 from Table I for 

an isosceles triangle and a side length 11d 11 of .00608 ft were used in the 

calculation. This side length was computed by taking the average of the 

sum of the lengths of the sides of thetl'.'iangular pgssageused.in .the 

meter. 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

The purpose of this investigation was to determine the flow 

capacity of a viscous air flow meter and to seek correlation be

tween theoretical and experimental results. The results show that 

for flow rates up to approximately 0.6 lb/sec or 8 cfs a linear re

lationship exists between pressure drop across the meter and the rate 

of flow. Above this flow rate the meter can still be used equally as 

well as a nozzle or orifice by calibrating it against a standard noz

zle. 

The critical velocity of flow above which laminar flow no longer 

exists was found to be about 9 ft/sec for this particular meter. This 

corresponds to a Reynolds Number of approximately 350 if the mean side 

length of the triangular passage is used as the length dimension or of 

approximately 540 if the length of the longest side is used. 

The calculated theoretical pressure drops for the flows below the 

critical velocity were found to agree closely with the actual measured 

drops when the general flow equation was used. The pressure drops cal

culated using Poisseuille vs equation with the "hydraulic mean radius 11 

substituted for the radius of the tube divided by two, were found to 

be 78% greater than those found using the general equation, This com

parison is shown in Appendix A. For flow in the laminar or viscous 

region the use of the "hydraulic mean radius 11 parameter is thus seen to 

introduce large errors. The 11hydraulic mean radiusn is useful only for 
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computing pressure drops when the boundary layer is thin as in 

turbulent flow. 

2b 

The correlation between the theoretical and the experimental results 

was much better than had been expected since the passages were not truly 

isosceles trianges, no particular dynamic design precautions were taken, 

no effects of relative humidity were considered, and the pressure taps 

were external to the flow passages. 

The use of a positive displacement rotary lobe blower caused the 

flow to be extremely pulsating even though some smoothing was ac

complished by the use of a muffler. The nozzle is particularly sensi

tive to pulsations. Since the velocity of flow through the viscous ele

ment was found from. the volumetric rate of flow determined by the 

pressure drops across the nozzle, it is believed that much of the devi

ation between the theoretical and measured pressure drops across the 

meter was introduced by the inaccuracy of the flow measurement. Further 

investigation might be undertaken using either a steady source of flow 

such as a centrifugal blower or adequate smoothing tanks in order to 

eliminate inaccuracies due to flow measurement by means of a nozzle. 

The flow meter might also be calibrated using water as the fluid. A 

weighing tank and stop watch could then be used to measure the flow. 
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APPENDIX A 

The use of Poiseuille 1s equation for flow in a tube modified by 

the parameter "hydraulic mean radius 11 , can be shown to give results 78% 

greater than the values given by the general flow equation as follows: 

As explained earlier, Poisseuille 1s equation 

.6 Pp = 8 1/'":\ Q 
'7t r4 

or since Q = AV = '7f r 2v then 

.6 Pp = 8hV L 
r2 

The hydraulic mean radius nm" is defined as 

It is seen that for a circular tube of radius "r" 

77' r2 
2 ?T' r 

= r -y-m = 

or r = 2m 

is 

cross-sectional area 
wetted perimeter 

With the introduction of this parameter, Poisseuille 1s equation 

becomes .6Pp = 2/jV L 
m2 

The general flow equation yields upon integration 

kAV L 
d2 -

where "k" is determined by the laminar velocity distribution in a par-

ticular cross-section flow passagej and "d" is either the least depth 

of section (ie:· the shortest side of a rectangular passage or the minor 

diameter of an eliptical passage) or the side length in case of an 

isosceles triangle. 
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Forming a ratio of the two equations ·gives"; ; 

2/-\ V L . 2 -
f:, Pp m 

2 a2 = -- -k /:I VL = ~ f:, PG k 
a2 -

and upon 

substituting the values for the triangular passages used in the 

viscous flow meter · 

/:, Pp - 2._ ( • 00608) 2 = 1. 78 
/:,PG 80 ( .00072)2 

f:, Pp : 1. 78 X /:,PG 



APPENDIX B 

SAMPLE CALCULATIONS 

The following sample calculations are for the first line of 

Table V. which was the run using 50% of the total flow area of the 

meter. The conversion of the pressure drops in inches of oil and 

inches of water to pounds per square inch is not shown. 

The weight rate of flow was calculated using the pressure drop 

across the nozzle by means of the following equation as found in the 

ASME Test Codes: 

w = .688 A c Y vP~PN = .6ss x w x .993 x .998 v.073 x .0505 

= .130 lb/sec 

where A is the area of the nozzle throat in square inches, C is the 

coefficient of discharge for the nozzle, Y is the expansion factor de-

termined by the pressure ratio upstream and downstream of the nozzle, 

f' is the air density in lb/ cu ft and b. PN is the pressure drop 

across the nozzle in psi. 

The volumetric rate of flow was found by dividing the weight rate 

of flow by the density. 

Q = N = .130 = 1.78 cfs 
e .0732 

The velocity of flow through the meter was found by dividing the 

volumetric rate of flow by the area of the flow meter. 

V = .JL = 1. 78 : Li • l 7 fps 
A .427 

The theoretical pressure drop across the meter was calculated by 

the following equation: 

b. PMt = 80/."W L 
. a2 X 144 

= 80 X 3.80 X 10-7 X 4.17 X .433_ 
(.00608)2 X 144 

= 00102 psi 

3.0 



where,/-\ is the absolute viscosity of the air in lb sec/ft2 1 Vis 

the mean velocity of flow~ in fps, Lis the length of the flow passage 

in ft, dis the mean side length of the triangular passage in ft. 

The weight rate of flow at standard conditions was found by multi-

plying the flow rate at test condition by the ratios of viscosities, 

pressures and temperatures as follows: 

1 30 'C 3.80 X 1.d:2 X 53?, = 1.38 cfs 
• .1 -3. 74 . 1.43 520 

The absolute viscosity was found using the following equation where 

tis in degrees F : 

/-'\ t = ( 3408 f 5. 483t) X 10-lO 

= (3408 t 5,483 X 72) X 10-lO 

- 3.80 X 10-7 lb sec/sq ft 

The per cent differences between the actual pressure drop and the 

theoretical pressure drop was calculated as follows: 
LI PMm - LI PMt 

% diff = X 100 

= 

LI PMt 

.0101 - .OlQ~ X lOO 
.0102 

"' of - ..l.Jo 
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