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PREFACE

Engineers who deal with research and development work on
machines through which there is air flow are ever conscious of the
need for improved devices for measuring air flow - particularily in
cases where the flow is not steady. Thus the inadequacy of existing
equipment present a challenge to the individual to improve existing
designs or develop new and improved designs.

The need for an improved device for measuring the air flow to
an internal combustion engine prompted the author to design and cali-
brate the viscous air-flow meter dealt with in this report.

Throughout the report it is assumed that the reader is familiar
with the fundamentals of hydraulics as applied to flow problems. The
entire report can be of value to those who are concerned with air
flow measurement under pulsating or steady flow conditions. The
author now wishes to express his sincere thanks to Professor W. H.
Easton for carefully reading the entire report and offering valuable
suggestions and comments, and to Professor B. S. Davenport for his
valuable advice and practical suggestions. I also wish to express
my special appreciation and thanks to Professor Gordon Smith for his
valuable help in machining the nozzles and other pieces of apparatus

used during the test.
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SYMBOLS AND ABBREVIATIONS

area - flow or cross sectional, square inches
coefficient - constant for the nozzle
diameter in inches

energy in general

force

degrees Fahrenheit

acceleration due to gravity feet per sec per sec
head

head loss

static head

total head

velocity head

Joules equivalent

ratio of specific heats Gp/Cv

specific heat

flow coefficient (coefficient of discharge with approach factor

included) .
length of the element
molecular weight
hydraulic méan radius
pressure, psia
volumetric rate of flow
radius in general
gas constant

temperature Fahrepheit

i



v velocity feet per seconds

v volume in general
W flow rate lbs. per seconds
X unknown quantity.
Y expansion factor for the nozzle.
Z Elevation of the center of gravity of any section
Temperature correction factor
Abbreviations
BTU British thermal units

ASME American Society of Mechanical Engineers

BWG Birmingham wire gage

bhp brake horse power

cc cubic ;éntimgters

ft feet.

sq . square.

sec secondg .
hr hour |

1b pounds

psi pressure pounds per square inch
fps feet per second.

in, inches

min minute

psia pounds per square inch absolute.
rpm revolution per minute.
Ra or Rqg Reynold's number dimensionless

dx/dy differential of x by differential of y

“vii



Greek Letters

/\ change of value in general
p absclute viscosity
@ density

2 summation of values
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CHAPTER I

INTRODUCTION

The measurement of the quantity of air is a vital factor in
research work dealing with carburetors and internal combustion engines.

The maximum power an internal combustion engine can develop is
dependent on the amount of air it can take in. The power and efficiency
are also affected by the air-fuel ratio,

Until recently, there were two principal methods for measuring air
consumption. The first method is the air bell method; a device employed
for many tests. Although it gives an accurate determination, it has
several drawbacks. This type of unit is very large; requires extensive
piping and is not portable. The secoqd method uses elements of "kinetic
type," such as orifices, venturi, and-nozzles. They are simple and handy
to use, but are rather inaccurate due to the "poot mean square" errors
unless the flow is quite steady. The errors éan be reduced in ail the
above cases by means of smoothing capacity tanks, but the size of tanks
required may be too large to be practical.

The recognition of these drawbacks lead to the design of the "viscous
flow air meter." This type of apparatus was first designed by J. F.
Alcocke The“principle on which this instrument is based is,; that the flow
across a viscous element is proportional to the pressure drop. Thus this
type of meter does not have the errors due to "root mean square." As
there is no literature available regarding the design and experimental
results for this type of meter, the author of this paper undertook the

problem of designing and calibrating a viscous flow air meter. The



calibration of the viscous flow air meter is done by use of standard

nozzles degcribed in the ASME power test codes.



CHAPTER TI1

REVIEW OF LITERATURE

There are two broad fields in the study of fluids: hydrodynamics,
dealing with the motion of fluids, and hydrostatics, dealing with
fluids at rest. Fluids are generally divided into gases and liquids;
although the theory of fluids can be applied to both. The chief dis-
tinctions to be made are in density and compressibility. The smaller
density and greater compressibility'of a gas allows it to fill the
volume of any vessel in which it is confined, whereas a small quantity
of liquid in a large vessel presents a free surface. Both types of
fluid show resistance to motion in which a further property called
viscosity is involved. In the study of the motion of fluids, the
physical properties of matter in the fluid state which have to be con-
sidered are: density, compressibility, surface tension, viscosity and
shear elasticity.

The actual motion of fluids results from the difference of pres-
sure,.or of density. The fluid, whether liquid or a gas, flows in the
direction of a gradient of pressure, and from a place where the fluid
is compressed to one where it is rarefied until equilibrium is attained.

Continuous motion will occur as long as the unbalanced pressure differ-

ence is maintained by any of the external forces or difference in density. -

This paper deals with hydrodynamics, or the motion of fluid; spec-
ficaliy the flow of air has been chosen for consideration.,

Before going into the details of the flow problems of air, it is
necessary to know the types of flow encountered in engineering investi-

gations. The most common method of determining the nature or the type
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of flow of fluids is by performing simple experiments which show that
there are two entirely different types of flow in a pipe. These
simple experiments show the nature of flow in pipes, one being vis-
cous and the other turbulent, also with conditions existing between
the two. By the experiments performed with the flow of water in a
glass tube, it has been shown that if color is introduced into the
stream and the velccity of the main stream is varied; the stream of
colored water flows in a straight path at low velocities; and if the
velocity is increased, the colored filaments show a tendency to break
up at a certain “critical velocity." At higher velocities the fila-
ments no longer flow in straight paths, but are dispersed throughout
the entire aﬁount of fluid. The type of flow that occurs at velocities
below the "critical" is known as viscous, laminar, or streamline flow.
Such a typé of flow is characterized by the shearing of concentriec
cylinders of the fluid past one another in an orderly fashion. The
velocity of the fluid is greatest at the center of the pipe and de-
creases sharply to zero at the outer wall surface. At velocities
greater than the critical velocity the flow is turbulent. In turbu-
lent flow, there is random motion of the fluid particles in the direc-
tion transverse to the direction of the main flow. Even though there
is turbulence throughout a great portion of the fluid in fhe pipe;
there is always a thin layer known as the "boundary" layer or laminar
sub-layer of fluid at the pipe wall which ﬁas viscous flow. A number
of previous experiments, as well as theoretical considerations; show
that the nature of flow in pipes, whether it is viscous or turbulent,
depends upon the pipe diameter, density, velocity of flow, and the

viscosity of the flowing fluid. The numerical value of the



dimensionless combination of these four variables is known as Reynold“é
number., This number indicates whether the flow is viscous or turbu-

lent. Reynold's number can be stated in the form of an equation as:

Re=P.}l’.&_

By experiment it‘has been found that the flow is usually viscous for
Reynold's numbers less than 1200 and turbulent for Reynold's numbers
greater than 2200, Between these two values lies a transition region
in which the flow may be either viscous or turbulent, depending upon
the condition of flow as it enters the section being considered and
upon the roughness of the pipe walls.l
Another determining factor is friction, accompanying any fluid
flow in the pipese. There are two types of friction: the internal
friction caused by the rubbing of the fluid particles against each
other, and the other is external friction caused by the rubbing of the
fluid particles against the pipe wall. In both cases, energy loss
due to friction is converted into heat energy, This heat energy may
be entirely absorbed by the fluid in adiabatic flow or it may be entire-
ly dissipated through the pipe walls in isothermal flow., In compresse
ible fluids some of the frictional heat may be absorbed in accelerat-
ing the fluid and yet the flow may be isothermal. In the case of the
flow of liquids and gases at atmospheric temperatures through pipes,
we can assume the flow to be isothermal,
Adiabatic flow is generally assumed to take place in nozzles,

orifices, and short tubes through which the fluid is moving at high

1 "Flow of Fluids Through Valves, Fittings, and Pipe", Engr. and
Research Division, Crane Company, Chicago, Il1l,, Tech. paper No. 409,
May, 1942, '



velocities. A number of different methods of flow measurement are
available; the experimenter must choose from the available information:
the one that is best suited to the particular purpose. The selection
of a suitable method for measuring flow should be governed by the
simplicity, directness, and the_degree of accuracy required, A direct
method of obtaining the flow is to collect and weigh the quantity of
fluid delivered in a given time. This method is simple and is quite
easily applied to the flow measurement of a fluid whose density is
higher than that of gases. However, for the flow measurement of gases
the most desirable method generally involves the measurement of some
physical effect associated with the flow., Three physical effects that |
have been found by experience to be suitable for the flow measurement
of gases are: the pressure associated with the motion; mechanical
effects; such as the rate of rotation induced in light vanes suitably
mounted in the stream; and the rate of cooling of a hot body, such as
an electrically heated wire introduced into the air current. Of the
three above mentioned methods, the first is of the greatest importance,
A properly designed instrument suitably inserted in the stream measures
a pressure commonly called the "velocity head", which is a character-
istic of the motion. It can be‘measured with”a suitable pressure gauge.
These instruments can be used for the méasurement of air speed. The
anemometer, which is a mechanical device for measuring aif speed, depends
for its action either on mechanical or electrical effects and requires

calibration against a standard instrument. These pressure measuring
instruments are known as pressure tube anemometers.,
Other devices which involve the measurement of pressure difference

are orifice plapes,‘venturi tubes; and nozzles. All these measure the



pressures, not the velocity head, which depend on the dimensions and
form of the instruments themselves, as well as on the motion of the
fluid that passes through them. These have to be calibrated before
they can be used as standards. However, the ASME has standardized
nozzles of various siées which are used in all power test codes in
this country.

Detailed descriptions of mechanical anemometers and hot wire
anemometers will not be given in this paper. However, some of the instru-
ments of the above types are convenient for practical use and have a
comparatively wide field of application.

As mentioned previbusly, the orifice and the venturi are the mosﬁ
used devices for measuring the flow of fluids., The chief disadvantages
- of the orifice plate are the element of uncertainty regarding the area of
the vena contracta and the large resistance it offers to the passage of
air through it. Both of these undesirable features have been avoided by
the Euse of ventufi, but only at the expense of considerably increased
cost and installation difficulties. A well shaped nozzle, which is, in
effect, a venturi with the expansion cone removed; is a device intermediate
between the orifice and the venturi. The unrecoverable loss of pressure
through a nozzle is slightly less than that of the orifice plate, but, in
this respect; it is inferior to the venturi. In regard to cost and ease
of installation, it is superior to the venturi.

The "Vereiu Deutscher Ingenieure® has standardized this form of
nozzle under the title of "German Standard Nozzle 1930." The ASME has

also standardized various sizes of nozzles; and recommends their use



for flow tests of various machines.

Any‘form of restriction will generate a pressure differential
Which can be used as a measure of flow rate. If a non-standard pri-
mary element is to be used for flow measurement, calibration is re-
quired to establish the value of the discharge coefficient. This
discharge coefficient will not be constant in such a case over the
entire flow range due to the viscous forces, or non=uniform velocity
distribution., Charts and tables are available in the ASME test code
for use in evaluating the discharge coefficients for ASME standard
nozzles for any existing flow conditions. Hence, the standard ASME
nozzles were selected for use in calibrating the viscous air flow meter.
This instrument can be used with pulsating flow and does not require
the assistance of a large smoothing capacity in series. It can there-
fore be used on either single or multi-cylinder engines. Alcock's
viscous air flow meter proved to be very uéeful~in Alcock's own labora-
tory. It was designed for measuring the scavenge air consumption of
high speed, two stroke research units, and the air consumed by highly
supercharged units, as well as for engines of moderate output.

There is very little information on the desigﬁg tests, and cali-

" bration of Alcock's meter available in ﬁhe library; except for a brief

review of the apparatus found in Ricardo's Internal Combustion Engines. The

Alcock viscous air flow meter consists essentially of a honey-comb
arrangement of narrow equilateral triangular passages 3 inches long
by .017 inches in height. The air flow through the passages is vis-=

cous for flow rates within the working range of the meter.l The

1 Hes R, Richardo, High Speed Internal Combustion Engines, Vol.
IT., London, 1923.




resisténce_offered is therefore proportional teo the velocity. The
"root mean square" error of the kinetic type of meter; such as the
éharp edge orificé, venturi, or nozzle is eliminated by Alcock's meter.
The resistance is measured by a manometer connected across the meter
element." By special design of the manometer connections, errofs due
to the fiow in and out of the connections set up by pressure variation
in the line are avoided. The air passes through a cleaner and then
through the meter element. The meter element is constructed of alter-
nate layers of flat and corrugated sheet metal strips wound around a
core. The manometer connections are tubes spanning the face of the
element and having a single row of holes in each., In the upstream
tube the holes point in a downstream direction. In the downstream
tube the holes point upstream. The reason for such an arrangement is
to provide a reverse kinetic head, which automatically corrects the
small kinetic pressure loss in the element due to entry effects.

The pressure drop across the elements was found to be proportional
to thé gas velocity. In the case of pulsating flow in single cylinder
engines, the accuracy 6f measurement was unimpared. This meter was cali-
brated under steady flow conditions by comparing it with a "German
standard nozzle! which had been checked against a “gas holder.* The de-
sirable featureémof the instrument are that the pressure differential
is proportional to rate of flow and a satisfactory accuracy is obtained

over a wide range of flow.



CHAPTER IIT

STATEMENT OF PROBLEM

The main purpose of this investigation was to design and calibrate
an air-flow meter suitable for measuring air flow under pulsating flow
conditions, It is intended primarily for the measurement of the flow
rate of air supplied to an internal combustion engine., To attain this
objective, an air flow meter was designed on the basis of the theory
that whenever there is viscous flow of a fluid across any primary element,
the rate of flow is directly proportional to the pressure drop across
the element. This is true at low values of Reynold!s numbers. Based on
this theory and the previous experience of Alcock, fhe author designed
a viscous flow meter. The details of comstruction are given in the follow-

ing pages. Standard ASME nozzles were used in the calibration of meters

10



CHAPTER IV

ANALYSIS OF THE PROBLEM AND THEORY

4

The‘theoéy on which the design of the viscous flow meter is based
involves the relationship between the flow raite and differential pressure
under special flow conditions., These conditions are governed by the
viscosity, . which in turn depends upon the temperature of the fluid.

The Reynold's number may be used to determine the range of flow rate
over which laminar flow may be expected.

As the viscous flow meter waé calibrated by use of standard nozzles,
an explanation of the equations used is presented in the appendix. The
UNational Instrument Laboratories" uses the following equation to express
the relationship between the flowaate and differential pressure across
the element of a viscous flow meter.

Ap = PR + baR

where Q is the volume flow rate

‘/u.is the viscosity

P is the density

a and b.aré constants
It follows from the above equation that if a flow element isbdesigned and
constructed so that a = o, then the differential pressure for a partichlar
fluid will be directly proportional to the volume flow rate.

This condition of flow will exist only for low values of the Reynold's
number., | |

The National Instrument Laboratories, Incorporation uses the Reynold's

number equation as follows.

11
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where S equals the thickness of the flow channel,

If the flow conditions are such that b = o, then the pressure
differenﬁial is proportional to the square of the volume flow rate. This
is the condition of flow through orifices and nozzles operating at a high
Reynold's number, and the flow is considered to be turbulent. With an
orifice operating at a high Reynold's number, flow rate errors due to
viscosity become large. Similarly,iif a laminar flow meter is used for
flows above its design range, the errors due to the density of the gas
becomes an important factor. In designing the viscous flow meter the
flow channels of the viscous element are kept identical in order to
obtain the desired degree of accuracy. It has been found by the National
Instrument Laboratories, Incorporation that a high degree of accuracy is
obtained in their flow meter when the Reynold's number at full scale
flow is less than 40Q,1 |

Theory of Viscous Flow

The absolute #iscosity of a fluid is defined as its internal resistance
to flowe In viscous or laminar flow, the internal resistance is due pri-
marily to the cohesive shearing stress existing between the layers,or lami-
nae of iﬁfinitesimal thickness constituting the fluid stream. The shear-

ing stress is greater in fluids of high viscosity than in those of low
. i

viscosity.
qu all practical purposes, it can be assumed that viscosity is indepen-

dent of’yariatiohs in pressure but varys with temperature. In liqﬁids an

1 N. I. Laboratories, Inc., "Vol=0-Flo meter for Gas Measurement"
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increase in temperature causes a decrease in viscosity, in gases an
increase'in temperature causes an increase in viscosity.

The modern theory of viscosity was first advanced by Sir Isaac
Newton in his monumental work “Principia® and:is generally.known:as
Newton's hypothesis of viscous flow.

Iﬁ mathenatical terms, Newton's Theory states that the viscosity of

a fluid is equal to the shearing stress divided by the rate of shear.

s

AT By

where
H /Lo is the absolute viscosity of fluid.
8 is the unit shearing stress, F/A or Force/Areai.  .i: .
lxyéyris the rate of shear or change in velocity with respect to the
distance between shearing surfaces.

The above formula can be illustrated as follows:

~

Fluid layer stationE.z:yL=1w_,..,_ V = fe— AV Plate A - Stétionary
~velocity V= 0 -
O < - -
‘ — L j—l : ‘ >
—— ¢ g
- 1 -
m S
e N i > }
o ]
: ) pe = '
.-~ Force: 1 Dyne -,*;vzicv/_; Plate B - moving
 Fluid layer moving at uniform See at’ uniform velocity"
veloeity V = 1 cm/sec V.= l'cm/sec

Figure 2. Newton's Theory of Viscous Flow
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Consider an elementary unit section bf a viscous fluid filling the space
between two parallel plates A and B in Figure 2. Assume the transverse
distance between the two plates as unity. Plate A is stationary and
plate B is moving with a constant velocity, V. The distance between
the two plates is represented by Y.

Assume further that the fluid is in a state of steady flow with
each layer AY, moving at its individual cpnstant velocity V + AV,
and with no layer subject to acceleration or deceleration. The fluid
layer or film closest to the surface of either plate remains fixed to
the plate by adhesion and therefore has no motion relative to the plate.
That layer of infinitesimal thickness closest'to surface A remains fixed
to plate A and does not move. Likewise; the fluid layer closest to the
surface B is held fast to plate B by adhesion and has no motion relative
to the piate B. However, if plate B is moving with a constant velocity
Vy, .relative to plate A, then the fluid layer adhering to plate B also
moves with constant velocity V relatively to the fluid layer adhering to
plate A, It is thefefore evident that no shearing action takes place
between thé fluid and the plate to which it adheres, but takes place only
between the fluid layers.

It is assumed that the fluid layers are of the same size and shape,
and the shéaring stress between any two layers or the adhesion between
the fluid and the plates is equal and opposite to the force, F, produc-
ing flow. |

i.es. S=F
S is the total shearing stress
F is the force producing flow

If s is the unit shearing stress between any two fluid layers, then
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s equals F/A.
A is equal to the shearing area of fluid layer.

Then, /%L e F/A
AV/AY

From Figure 2, it is evident that the sum of AY is equal to VY

and thé’éum of the elementary velocity. AV is equal to V.

therefore, /Lb = %éé

or - F/LP = FT_ - Force x Time

C/T/C T? Length?

If CGS units are used in the above formulg9 the unit of absolute

viscosity will be the poise. Thus the poise is the force in dynes per.
sg cm at a velocity of one cm per sec at a distance of one cm.

Viscous Flow in Capillary Tubes

“The work of the French physician and scientist, Poisseuille,
in‘ﬁhése honor the unit of absolute viscosity, the "poise", was
némeq,;gég”mgch to confirm and illuminate Newton's hypothesis of
visqus ;low'iﬁ capillaries or smgl}'tubés. Poiéseuille's e#-‘
periments made in about the year iBhO were undertaken in an
effSrFLtgwdetefmine the nature of the flow of blood in tbe
humén‘vasgularagystem. ‘This experimenta;.work was not done
iﬁténﬁiQpal}yifor the purpose of qpnfi#ming a theory of fluid_.
mechanics, bit that is exactly what it did. Unfortunately, it
was‘hétlﬁpfil”after his death, wheh:é mathematical analysis was
mgﬁe“of\his'findings, that the real value of Poisseuille's work
as‘a ﬁajdr contribution to fluid mechanics was discovered. Poisse~

) uiliéﬁé‘Laﬁ in the light of.mathematicalzanalysis forms the basis

of the modern théory of viscous flow in tubes, dépillaries and pipese“2

2 McClain, Clifford, "Fluid Flow in Pipes", New York Industrial
Press, 1952,
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It is interesting to study in detail Poisseuille's Law. A small
capillary tube of radius (r) and length (L) is shown in the figure on the
next page, through which a viscous fluid is flowing. It is assumed that
the fluid is in a state of steady flow, that is to say the layer is
moving at éonstant velocity, and no layer is subjected to acceleration
or deceleration. Under such conditions the fluid is in equilibrium with
respect to external forces. It is assumed that the layer of the fluid
adhering to the surface of thé tube has zero velocity and the maximum
velocity is at the center of the tube. The pressure (P) existing at
the entrance or upstream end of the tube is entirely dissipated in
overcoming the flow resistance throughout the entire length (L) result-
ing in zero pressure at the exit or downstream end of the tube, Since
the pressure drops at a constant rate per unit of length throughout the
tube, the unit pressure drop is equal to P/L.

The flow in a tube can be assumed to consist of an infinite number
of hollow concentric telescopic cylindérs of unit length and with wéll
thickness dy.

The constant velocity of individual concentric cylinders is progressively
greater toward the center of the tube by a small increment dv. The flow
rate pasf any transverse section of the stream must be constant. Other-
wise,‘£he flow would be distorted and result in turbulence.

If one cylinder is farther downstream than another, the pressure
exerted én its upstream end is less than that exerted on the other cy-
linder in proportion to the distance by which it leads the other cylindef
at a given time. There would be a similar difference in the pressure

exerted on the downstream end of the cylinder. The ends of the fluid
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Shearing Stress Profile ) . . ’
: a Velocity profile, a parabola, formed

Pedt,, by elementary fluid cylinders.
- Sg .P P_>' P
A\ P
\ ~
A4 AN
)4 AN
S ey -—
AN
N\ .
. N
// Unit length eV 5 le—dV Section - aa
L B P1~P22P3—Ph=

[ | L
o L
. b-&~—J !
Capillary wall
Figure 3. Viscous Flow in Capillary Tube
eylinders have the shape of an annular ring with 4 wall thickness of (dy).
Therefore, by equating the equal and opposite forces and using the

theorem of Pappus for finding the area of the ends of the hollow cylinders

for any cylinder of unit length

dy = 27rs (y+ dy)

g

2 My
for the entire length L of the tube
2 M yPdy =2Ts (y+dy) L
for the entire stream : o
fz ™ y P dy _ffzws(y-!-dy)x,
TY¥pPzorysl

2
therefore shearing stress s = 77 P -yt

7wy L &
From the equation obtained for the shearing stress it can be seen that
the shearing stress varies with the distance (y) from the axis of the

tubeo.
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In the case of simple viscous flow; the shearing stress is the same
for each fluid layer and is independent of the distance (y).
Newton's expression for unit shearing stress in a differential

form is

The reason for the negative sign is that y is measured from the center of
the tube and not from the outer edge of the tube.
Therefore

__/‘L dV' y?

rate of shear = EE = yP

dy 2L A /U«

From this expression it can be shown that the rate of shear is not constant
for each fluid cylinder; but varies with y when P, L; and/bb remain constant.
In simple viscous flow the rate of shear is the same for each fluid layer,
The'velocity changes as a uniform or straight line function and the shear-
ing areas are the same for each layer.

It is desirable now to find an expression for the velocity of any
fluidhcylinder at any distance y from the axis of the tube; and then a
general equation for viscous flow in a tube can be estaﬁlished

v = - YE dy
LM
2
therefore Vao YP C
Iﬁ:ﬁz +
where C is a constant of integration.

A

Since the velocity is zero at the tube walls when y equals the radius

of the tube.-
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Vs Et;xf—- (r2 - y2)

Hence, it is established that the velocity gradient of the telescopic
fluid cyliﬁdérs takes a form of a solid parabola within the tube shown

in Figure 3. The volume of fluid flowing through the tube during an
interval of time can now be obtained. The above expression gives the
velocity of the fluid cylinder located at a distance (y) from the axis
ofvthe tube in terms of distance per second. Since the distance travelled
in unit time is the same as the velocity,bthe total volume flowing in t
seé, will be fhe sum of all these elemental volumes multiplied by t.

Thus volume = area x velocity x time

dv.=2my dy x V¥V x t

2y dy B (r2 - y2) x 4
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The driving force in terms of fluid head is h = P/u
ﬁhere h is the head in feet of flowing fluid
W is the specific weight of the fluid equal pg
© is the density of the flowing fluid

g is the acceleration of the gravity



. mpghrht
Therefore, : //A, = 8T v

The volumetric flow rate of an incompressible fluid can be expressed

as Q = -% or v=Qt
Q is the volumetric flow rate cubic units/sec
v is the volume of fluid flowing in t sec

t is the duration of flow in sec

_ mwpeghrh

poo= IEEST

or TR g h rh
Q¢ = 5L A

According to the law of continuity, the quantity of fluid flowing per

therefore,

second through any pipe is expressed as @ = VA,
V is the mean velocity of fluid or units of length per sec. For
a round pipe, the above formula becomes
Q= VT2

Therefore,

rp2 = mpeghrh
VTr T

LfL
or ’
, - 8Ly,
b= __gé;_-z

P
where h = (hy - hp) = hy,
hy, = head lost in producing flow against viscous resistance.
In deriving the fundamental equation stated above, it is assumed
that the entire pressure head is converted into velocity head. Thus
Thh2=--0 h = hy = hg
Usually the above equation is written in terms of the pressure

differential for the section of pipe being considered.
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1t can be written: AP=z=pgh
where A p is the pressure drop across a transverse section of the pipe

under consideration causing the flow of the fluid. Thus

. mwaprh
Q= 8L
This equation for the flow is developed for circular cross section pipe.
The same equation can be applied to any other section, if only a factor
known as hydraulic mean radius is taken into account. Therefore, the

above equation can be expressed in terms of hydraulic mean radius (m)

to be applied to different shape sections,

cross sectional area
wetted perimeter

For a circular pipe

m = I_I‘_2_=£
2mTr 2

where r is the radius of the pipe, or r = 2m.

Therefore, Q= TAD 16 o
BLA
or - Q= 277 mh AD

T

For fluid flowiﬁgvthrough a given section 2T£mh is constant.

Hence, let Z%FEE = at

Where a' is a constant, then Q= /—aL—Z Ap

This proves that when the flow is entirely viscous or streamlineé, then
flow is directly proportional to the pressure drope. This can be written
as AP = a“/u Q

where a" is a constant.

1



CHAPTER V
THE DESIGN OF THE VISCOUS FLOW ELEMENT

The viscous f;ow element chosen for this design consists of a
honeycomb of long narrow triangular passages 5.2" long, each having a
cross. sectional area of.0.0019 square inches.

The honeycomb element was formed by use of two long strips of
aluminum, .005 in. thick and 5:2 in. wide, one plain and the other
corrugateds One strip was placed on top of the other and the pair of
sheets ‘were then wound around a central cores It thus formed a cylind-
rical element having triangular passages with a length of 5.2 in,
parallel to the axis of the cylinder,

The corrugated aiﬁminum stfip is stock material, used in a certain
model of oil filter manufactured by the Fram Corporation. The avail-
ébility of this material from the Fram Corporation was the reason it
wds seleéted for use in this design.

The size of the triangular sections of the passages formed by the
aluminum sheets is shown below. The dimensions were obtained by taking
a number of impressiorsof the triangular passageways on paper and

averaging the measurements.

B AN

Figure Lo Section of the Triangular Passage i

22
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In Figure L
AB = 1/16 in. AD = 0.0413 in.

perimeter = 3/32 + 2/16 = 7/32 in.

area = 0.0413 x 1/2 x 3/32 = ,0019 sq.in.
. ... - cross sectional area

fiydraulic radius wetted perimeter

= 292 = 0.0087 in.
72

Reynolds number may be used as an indicator of the probable velocity
at which a chaﬁge in the type of flow may be expected.

In engineering installations using actual pipe, it is usually
found that the critical point corresponds to a Reynolds number‘of 1200,
The following calculations based on a Reynolds number of 1200 will be
used to establish the upper limit of the flow.range in which laminar
flow may be expected. Reynolds number may be calculated using the

following equation;
Re = %g?
where D is the diameter, equals L x hydraulic mean radius
M is the viscosity, 1bs sec per.sq ft
V is the velocity, ft per sec
L is the density, slugs per cubic foot.
The viscosity of air at 80°F and 14.7 psia is
S = 3,87 x 10-7 1bs sec per sq ft

le_]llo?xulll
vg 03.3 X BLO X 32.2

RS
it

= 2,28 x 10=3 slugs per cubic foot

p= Lx 9;%8@1 = 0.0029 ft
Re= sz or T = Re/"
DA

v & 1200 x 3.87 x 1077 = 70,0 £t per sec.
0.0029 x 2.28 x 10-3

o

e
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VY = 70,0 £t per sec.

It was tentatively assumed that the air meter capacity should be
at least 7 cfs. This value is the estimated air flow requirement for
a truck engine to be tested using the meter.

The area required for a Reynolds number of 1200, and velocity of
70.0 ft per sec is calculated as

A= % = %5 x 14 = Wb sq in
The percentage of area taken up by the metal is 27.2%, hence

The total area is

1.27 x 1oly = 18.2 sq in
and the diameter required for the viscous element, having a central
core of 0.5 in. diameter, is calculated

2 2
11-113—- Tlﬁ——: total area

where D is the diameter of the viscous element

d is the diameter of the core
I (0% - d?) =18.3
D2 . g2 = 8.3 x b
W

Thus D = L4.83 in.

In the case of air flow between parallel plates, it was found by
Orr that turbulent conditions could exist at Reynold's numbers as low
as 117.1 Therefore, for the air meter capacity of 7 cfs it is desirable

to base the viscous element diameteram a lower value of Reynold'!'s number

to insure laminar flow. Also the pressure drop across the viscous

1 Hubert O. Croft, Thermodynamics, Fluid Flow and Heat Transmission.
McGraw Hill Book Company, Inc. New York, 1938.




element, is accurately measured at low Heynold's number.
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Different values for diameters are determined corresponding to

Reynold's numbers lower than 1200, and are tabulated in Table 1.

TABLE 1
RémNQ. Velocity | Flow area Total area | Diameter] Differential
e fps sq in. sq in. in Pressure "
psf | in.of Hy0
iég 5,85 173 220 1647 | 3,77 | 0.725
1207 740l 1y 207 1642 | LeS5 0.875
140 8420 123 156 14,05 | 5.30 | 1.02
160 ¥g,§5 108 137 . 13.2 | 6.05 | 1.6
180 ;g,g 9642 122 12.L | 6.80 L.31
200 11.7 8642 1092 11,7 | 7456 115
ng 23.h 43.2 55.0 8.38 |15.20 2,92
600 35.2° 2847 3he2 6460 [22.8 h.38
800 46.8 21.6 2742 5.86 (0.3 | 5.82
1000 5845 173 22.0 5,30 [37.8 7426
1200 70.0 1L 18.3 Le83  |L5.2 8470

The pressure drop across the viscous element is obtained by the formula

where AP is the pressure drop, lbs per sq ft

/LL is the viscosit&; lbs sec per sq ft

V is the velocity, ft per sec

L is the length of the viscous element, ft

m is the hydraulic mean radius, ft
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For air at 80°F and 1h.7 lbs per sq in.
» /u,= 3.87 x 107 1lbs sec per sq ft
V = 70 ft per sec at Re = 1200

and for the wviscous element

5.2 in.or 0.433 ft

L

- .m = 0,00072 ft

Thus substituting in the above formula

p= 2X%3.87x 10-7 x 0.L433 x 70
A T.00072)2

}4502 PSf

8470 in. of water.

In order to use the meter for measuring larger air flow rates on engines
oﬁher than the tested engines, it is desired to design the viscous
element to have a larger diameter.and corresponding smaller Reynold‘s
number. However, the pressure drop should be large enough for satis—
factbry aécuracy. With this subject in mind, and to make use og the'
material available, a diameter of 1k in. is selected for the viscous

element.
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Figure Te

Sectional View of the Viscous Element
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CHAPTER VI
DESCRIPTION OF THE APPARATUS AND EQUIFMENT
The housing of the viscous air-flow meter is made of galvanized o
iron. It }s composed of three sections: the central cylindrical |

section (B) flanged at both ends, and the two end conical sections (A)

w !

and (C) having a flange at one end, tapering to a four inch diaﬁeter
cylindrical section at the other end. The end section (G) is provided
with short cylindrical. section at the.flanged end to house the filter-
ing elemente.

The end sections (A) and (C) are fixed to the central section (B)
by means of bolts. The central section (B) encloses the viscous
element (G) and static pressure tubes (E). |

A schematic view of the viscous air-flow meter is shown in
Figure 5. «

Filtering Element (D)

The filtering element (D) consists of a cylindrical. element
made of hardware-cloth packed with copper turnings., It is soaked in
a suipgble'filtér‘oil, and the excess oil is drained off before it
is assembled in position in the meter.

Viscous Element (G)

The viscous element (G) consists of a honeycomb of triangular
passages, made -by winding a pair of aluminum strips, one corrugated.r
 and the other plain, over a central wooden core, The diameter of the
viscous element is 1l in. and the length is 5.2 in., This is assem-
bled in section (B) in the space provided, and is fixed in position
by means of a wooden strip (K) of 1/2 in. square section, set screw)

(I) and the small metallic angles (L) soldered to the housing. The

29
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space between the element and the inside of the housing is packed
with cotton to avoid the leaks. The assembly is shown in Figure 5.

Static Pressure Tubes (E)

The arrangement of the static pressure tubes is shown in Figure
5. These two metallic tubes are 1/2" inside diameter and 25 in. long,
and fixed in the.housing at right anéles to";ach other. On these tubes
small radial holes of 1/32 in. in diameter are drilled in two rows
making an angle of 60° with respective to each other, as shown in
Figure 6. These holes are 1/2 in. apart center to center. By this
érrangement.a true static positive pressure can be measured. In
order to make air-tight connections between the tubes and the housing
four sockets and packing nuts (F) carrying '0' ring seals are provided.
| Figure 6 shows the arrangéﬁént and thesdirection of the statie
pressﬁre tubes,

The whole assembly of the meter is fixed on a telescopic stand.
by meéns of which the meter can be adjusted to any desired height;
This whole arrangement can be seen in Figure 12 and 13. |

A temporary collar and adapter arrangement is pfovided to install
the different standard size nozzles which are used in the calibration
of the meter. This arrangement is shown in Figure 13. At the inlet
side of the meter a sleeve (m) is provided for inserting the thermometer
in the air stream. Pressuré tap Jjoints and connections are made air
tight with sealing compound. The pressure drop across the element -~
was measured by means of a draft gage and standard water manometer.
The mgnometer connections were made by_means of rubber tubinge This

arrangement is shown in Figures 10 and 13. The pressure taps at the
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nozzle throats are made according to the specification given in
ASME Power Test Code. A complete arrangement of the meter is
shown in Figures 12 and 13.

Before the mec cer was calibrated, a check was made to see that
all the connections and flange joints were air tight and the draft gage
was level.

Also the mid point between the two rows of holes on both static
pressure tubes should face upstream. This is to insure an accurate

measurement of the pressure drop across the viscous flow element,
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Figure 8, VIEW OF THE FILTER AND VISCOUS
EIEMENT

Figure 9, CIOSE UP VIEW OF THE VISCOUS EIEMENT
SHOWING TRIANGUIAR HONEYCONB



Figure 10,

Figure 11,

VIEW OF THE MANOMETERS

VIEW OF THE ENGINE TESTED

33
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Figure 12, ASSEMBIED VIEW OF THE VISCOUS
AIR FIOW METER

Figure 13, VIEW OF THE ARRANGEMENT OF APPARATUS AND
TESTING EQUIPMENT



CHAPTER VII
PROCEDURE

The equipment for calibration was set up and connected to the
engine as shown in Figure 13. The outlet of the air-flow meter was
connected to the air cleaner inlet of the engine. The draft gage and
manometer were leveled and the draft gage scale was adjusted to zero.
The 13/8 in, nozzle was installed in the nozzle holder at the inlet
end of the air meter and the manometer connections were made. After
the preliminary check up of the engine to be used, the test was
begun.

The engine was operated at various loads and speeds to obtain
the desired rates of air flow through the nozzle and air meter.
Simultaneous readings of the manometers were taken to obtain the
pressure drop for the nozzle and the air meter.at each of the selected
test conditions. The operating conditions were controlled so as to
vary the pressure drop for the nozzle within the range specified by
the ASME Power Test Code. The same procedure was repeated for each
of the following nozzle nozes: 1 in., 3/L in. and 1/2 in.

The barometric pressure and the temperature of the air were
observed several times during each group of tests and the average

value of each was recorded for the test.
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CHAPTER VIII
DATA

Observed Data

The data observed during the test are recorded in Tables 2 and
3 for different nozzles. These tables show the pressure drop across
the nozzle py (in. of oil specific gravity .85) and corresponding
pressure drop PpM across ﬁhe meter (in. of water). The manometer
readings were corrected to inches of water and recorded in the Tables
‘of Calculated Data.

Calculated Data

The calculated data are recérded in Tables L and 5 for the
different noizles, The expansion factor (Y) used in calculating
the flow through the nozzles is also included.
" The results obtained from the observed and calculated data are
shown in the following graphs:

Figure 1llj: Pressure drop across the nozzle versus pressure drop
across the meter (from observed data).

Figure 15: Rate of flow versﬁs the pressure drop aeross the
meter (from the calibration data using lin, 3/L in.
and 1 3/8 in nozzle).

Eigure 16: Rate of flow versus the pressure drop across the ,
meter {from the calibration data using 1/2 in. nozzle),

Figure 17: Rate of flow versus the pressure drop across the meter
: at standard conditions (60°F and 1L.7 psia).

Pigure 18: Graph for the temperature correction.

Sampleﬂcaléulatioh is shown in the Aﬁpendix B.

36



OBSERVED DATA

Date: January 5, 1955

Time: L4230 p. me
Barometric Pressure: 29,16 in. of Hg.
76°F,

Room Temperature:

Specific gravity of manometer oils:.85

37

TABLE 2
Nozzle | APy fop APy for Nozzle | APy for | APy for
Blze nozzle ne ter slze nozzle me ter
in. in. of in, of in, in of in. of
,Qil water oil water
3/L | 11.8 0,055 1 2,30 0,04
17.25 0.070 6,00 0,068
20,5 0,072 8,00 0;082>
235 0,076 11,90 04099
g8.05' 0,081 13,90 0,105
gp.o 0,086 18.30 0.120
32,0 0,091 2130 0,130
32,8 0,092 26,10 0,140
107 0,100 27.80 o;;so
12,0 0,110 32,80 0,161
; 35450 0,171
13/8 | 1.0 0,06 13/8 746 04115
Le9 0,07 8.0 0.151
38 0.096 9.l 0,160
3.8 0,102 9.5 0.170
349 0.105 ER
6.1 0.123 'f
642 0,130 ,i




Date: January 6, 1955

Time: L:30 p. m.

Barometric Pressure:

Room Temperature:

OBSERVED DATA

29oh55 in. of hg.

77°F

Density of the Manometer Fluid:

.85 for nozzle

38

TABLE 3
Manometer Reading Manometer Reading
in. of Hy0 in. of Hy0
Nozzle A Py A Py Nozzle AP
size in.| for nozzle | for meter size in.| for nozzle| for meter
1/2 L.35 0.012 1/2 15.50 0.026 |
6.80 0.016 17.00 0.027
9.10 0,018 20,50 0,029
10.7 0.020 - 22450 0.031
11.0 0,021 23450 0.032
13.2 0.023 26.60 0.035
14425 0.02L 27.80 0.0351
15.00 0.025 28.60 0.0352




Barometric pressure:

Room temperature:

Density of air:

Discharge coefficient:

CALCUIATED DATA

. 29,16" of Hg.

76°F

.0720 1bs/cu. £t at 70°F.

.98L for the nozzle.
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TABLE L
Size off Corrected | APy 1b | Expansion|APM in. |APy 1p | W 1b
nozzle | APy in. of | per sq | factor Y | of HyO | per sq |per sec.
Hy0 in. in.
3/L 10.01 .36 .980 .055 .00198 046
14.66 526 977 070 |.00252 «056
17.41 626 n 072 00259 061
20,00 720 972 076  |.0027L +065
23.80 «855 969 081 |.00292 .070
25450 916 .962 .086  [.00310 .072
27440 .982 «959 091 «00328 075
27,90 1.005 .958 .092  |,00331 078
34460 1.245 948 .100  |.00360 .085
35.70 1.285 U7 .110  |.00396 087
1 1.95 .070 1.000 0l 00144 .037
5.10 184 <994 J068  |.00259 057
6.8 2Ll .982 .082  |.00295 068
10,1 «36L 979 .099  |.00256 .083
11.8 Li25 982 .105 |.00396 090
15.5 «560 979 »120  |.00432 102
18.1 651 973 «130  |.00L468 110
22.k .806 .968 «140  |.00505 120




Lo

Size of | Corrected APy 1b Expansion |APM in APy 1b W 1b.
nozzle | APy in per sq | factor Y of HyO {per sq per sec.
in. of Hy0 in, in,

1 2346 +850 996 .15 | ,005L0 .12}

27.8 | 1.000 «959 161 | ,00580 134

30.2. 1.090 95k 171 | 00615 «1L5

13/8 .85 .031 | 1.03 .06 |.00216 Ny,

1.615 | .058 | 1.03 .07 | .00252 065

2.97 .107 | 1.00 096 | +003L6 .086

3423 116 | 1.0 102 | .00367 091

3432 W19 | 1,01 .105 | .00378 <092

5.26 189 «991 .130 | .00L68 114

519 187 999 123 | .00Lk2 0106

6.L5 232 «990 «145 | .00522 126

6.80 2Ll 989 .151 | .00543 .129

8.00 .288 .98l 160 | 00575 .138

8.06 «290 .983 170 | .00612 .1LQ




CALCULATED DATA la

Barometric Pressure: 29.455 in. of Hgq ® 1l.45 lbs per sq in.

Room Temperature: 77°F

Density of Air: ,0726 1bs per cu ft.
Discharge Coefficient: ,970

Density of the Manometer Fluid: .85 for nozzle

TABLE 5
Size of | APy Corrected | Expansion ; APy APy W
nozzle | 1b per APy Factor in.of HoQ| 1b per |lb per
in. sq in. in. of -Hy0 Y sq in. | sec.

1/2 .133 3.70 2991 .012 |.000432 | .0107
.208 5.78 1,000 .016  [.000575 | .0135

278 ToTh 987 .018 |.000648 | .0155

.328 9.10 586 020 [.000720 | .0167

33 9.35 .985 021 |.000756 | 0172

.LQ; 11.20 .98l .023  1.000828 | .0186

435 12.10 982 .02l |,000865 | .0192

437 1é.7§ -980 .625 .000900 | 0193

475 13.26 979. .026_ .000935 | .0200

.529 1L.hév 978 .627» .600972 .0210

.626 17.L0 97k .029  [.0010L | .0230

.688 19.10 972 031 |.00111 | .02L0

716 19.90 971 032 |.00115 | .02Lk

.810 22,60 969 035 |.00126 | .0260

.850 23,60 965 .0351 |.001262 | .026l,

875 2li430 <96l «0352 [.001270 | .0268
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Rate of air flow, 1b per sec.
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Rate of air flow, 1b per sec.
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Rate of air flow, 1b per sec.
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CHAPTER IX
SUMMARY AND CONCLUSIONS

According to the theory on which the design of the viscous air
flow meter was based, the pressure drop that occurs during laminar
flow is directly proportional to the rate of flow of air.

The results of the tests as presented in Figure 15, 16, and 17
show a linear relationship between the pressure drop across tﬁe me ter
and the flow, This indicates that laminar flow was obtained for all
rates of flow used during the tests., The meter was calibrateds by
measuring the rate of flow through ASME stendard nozzles of different
sizes., Figure 1l shows that the pressure drop across the nozzle versus‘
the pressure drop across the meter plotted on log paper is a straight
line with a slope of appfoximately 1/2. This also indicates that
laminar flow through the meter was obtained since the theoretical re-
lationship indicates that the graph should be a straight line with a
- slope of 1/2, From the observed and calculated data, a calibrati?n'
graph, Figure 17, for the meter at standard conditions was obtained,

The flow rate (W) at temperatures other than standard tempera-
ture may be obtained by use of the correction factor (Z) from Figure
18, The flow rate (W) must be multiplied by an additional correction

X barometer reading psi
factor = 107 to carrect for the effect of atmos-

pheric pressure. The size of the viscous element was made large enough
to handle the total capacity of air flow to an engine considerably

larger than the one used for the tests.
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Conclusion

From the data obtained and calibration graphs, it was established
that the flow of air through the meter was laminar. From the data
obtained for the pressure drops on the nozzles it is seen that for the
1/2" nozzle the pressure drop measurements were not obtained very
accurately. This is due to the fact that as the air flow increased
the manometer readings fluctuated considerably., This indicates the
presence of pressure pulsations which would affect the accuracy of
flow measurement.

From the various graphs and calculated data it was established
that the capacity of viscous element was underestimated., However, the
small pressure drop resulting from the large capacity may be an ad-
vantage. For internal combustion engines testing it is desirable
that the pressure drop across the meter be no larger than is necessary
for satisfactory accurécy in the measurement of the pressure drop,.

From the graphs it is seen that almost all of the experimental
points are either on or close to the line through the average of the
points. This indicates that satisfactory accuracy was obtained in
taking the readings. The rates of flow obtained on the tests are
considerably larger than the claculated(;alue obtained from the
theoretical equation on which the design was based. This equation
contains a constant based on experimental resulis. It seems possible
that‘the constant might have a different numerical value for the size
and shape of flow passages used in this design. It also seems possible
that the high velocity and turbulence associated with the air issuing

from the nozzles affected the rate of flow,
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Recommendations for Future Research

Additional tests and investigation might be undertaken to
establish the maximum flow capacity of the meter within the laminar
flow range.

This would require a larger engine or other machine to produce
a larger flow rate. It would also be desirable to determine why the
flow obtained from theory used in the design does not agree with the

value obtained ffom the experimental results,

L9



BIBLIOGRAPHY

Oliver Ernest, Measurement of Air Flow, Chapman and Hall Litd, London
1933.

Louis Gess and R. Do Irwin, Flow Meter Engineering Handbook, The Brown
Instrument Co., 1946.

He Fo Purday, An Introduction to the Mechanics of Viscous Flow. Dover
Publication, Inc., 1945,

L. K. Spink, Principles and Practices of Flow Meter Engineering, The
Finkboard Co., l9h7o

B. 0. Buckland, "Fluid Meter Nozzles", Transactions ASME, Vol. 56
Pe 8275 193)40 - .

He Ko Linden, "Air Flow Through Small Orifices in Viscous Region,®
Transactions of ASME, pp. L8-A-93, 198,

"Flow Measurements", Part 5., ASME Power Test Codes, 19L9.

"Displacement Compressors Vacuum Pumps and Blowers", ASME Power Test
COdeS 9 1939 °

"Pressure Measurements," Part 2., ASME Power Test Codes, 19L2.

Linford, "Flow Measuremént and Meters," ASME Transactions, 1942,

He R. Ricafdos High Speed Internal Gomﬁustion Enginess Vol. II, Lendon
1923,

¥Vol=0-Flow Meter for Accurate Gas Flow Measurement.® National Instrument
Laboratories, Inc.

Lewitt9 E. H., Hydraulics, Sir Issac Pitmann and Sons, london, 1947,
Clifford He McClain, "Fluia‘ Flow in Pipes."

D, S, Ellis, Elements of Hydraullc Englneerlng, 3rd edltlons Do Van
Nostrand Co., inc. New York, London, 19L7. '

Ho Addison, Hydraulic Measurements, John Wiley and Sons, Ltd., New York
1941,

Hubert O, Croft, Thermodynamics, Fluid Flow and Heat Transmission,
McGraw~Hill Book Co., New York, 1938.

50



upgtream

APPENDIX A
FLOW OF FLUID THROUGH A NOZZLE
The equation presented in this éection is for the flow of fluids
through a well shaped ASME standard nozzle in which it is assumeé
“that the outlet pressure will always be more than 53% of the inlet

pressure. (1) (2)

R\

_‘”"'I)i 3 1T — downs tream
—— —n—® — 2 T
. i y —

Figure l. SectiJn of the Nozzle

A section view of an ASME standard nozzle is shown in the above
figure.

In deriving the formula for flow through such a nozzle, ‘the
following assumptions are made. The flow of air through the nozzle
is assumed to be steady, and isenﬁropic. The fluid flowing conforms
to the law pv = wHT and Cv remains constant. If these conditions hold
true, the energy per 1b of fluid will be the same at both sections 1
and 2, -and the actual rate of flow is given

W =7V5 Ay P o (referring to section 2)
where W is the actuél rate of flow, 1b per.sec

Vo is the velocity of air ft per sec

P2 is ‘the density of air 1b per cu ft.

" Hence W = Ao 1 W 2 v
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~vand W (actual) = CW (theoretical)
where C ig the coefficient of discharge. The value of C is obtained
from experimental results. This is sometimes combined with the

velocity of approach factor

C

K - !
V/ L= (/D)8

where K = flow coefficient.

The nozzle inlet is exposed to the atmosphere and hence K is equal to

C as Dy is infinite,

Therefore W = AoC Nrjs:;7§:§E;

where /ﬁ_ié the density of the fluid at sectiop (1). This equation is

used for liquids only, and for compressable fluids like a gas or air,

isentropic flow being considered, a factor known as the expahsion

factor (Y) and also the factor (&) known as area multiplier for the

thermal expansion of the nozzle'éo be taken into consideration..
.Hence a general formula for the rate of flow for a compressable

flu;d'flowing through a nozzle is given as

where ) - 1/2 1ﬁa
Y= —ﬁi(Pz/Ple 1 =(p2/Py) & 1 - (D,/D )h _
k=1 . X 2/ 717 2/k
= 1 =P/ 1L - (D2/D§7I /P77

k isrthé ratio of specific heats

Py and pé are the pressure

of air at sections (1) and (2) respectively.

Invthe above equation Dy is“infinite in the present application, hence.

the second factor of the equation is unity, and

1 “Flow Measurements®, ASME Power Test Code, 1949.



R 53
k=1l _ 1

.. 2
Yol (B2 1 =(p2/p1) Z
B P1 1=-p/pq
The velocity of approach factor k and thermal expansion facpor
E and are negligable; thus (k) becomes equal to the coefficient of

discharge (C) and the equation for the rate of flow is

W= .668 Az cY / ,DlAp

This equation was used in the calculation of the flow rate through

the nozzle



APPENDIX B

SAMPLE CALCULATIONS

Barometric pressure = 29.455 ine. of Hg

29,155 x 191 = 1L.L5 psi

Rooﬁ temperature = 77°F or 537°F abs.
Density of air at 77°F = 0,726 1b per cu ft.
Discharge coefficient = .,970 for 1/2 in nozzle (ASME Code) .
Préssure drop across the 1/2 in nozzle
APN = 13.20 in of Hy0
=z 13,20 x ,036 = .L75 1b per sq in.

The gravimetric rate of flow of air through the nozzle is given as

W = o688 ACY / P1AP  1b per sec

where A = area of the nozzle throat; sq in.

C = coefficient of discharge for the nozzle
Y = expansion factor

_ E{_%_ (o9 /p1)2/k i - (% /P:L)(k'l)/k] \1/2 ,

, - Po/P1 R

k = 1,39 Ratio of specific heat of air
P2 = pressure downstream; lb per sq in.
Py = pressure upstream, lb per sq in.
AP = P~ Poy 1b per sq in.

= density of the air, 1b per cu ft. Nozzle throat area (A)
A= o T ox1:o.0 sq in.

i N

where D is the nozzle throat diameter.
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Expansion factor ‘ | _l%l 1/2
1- Pi AN
Y:-klfl (pl_gp)Z/k ( 1 ) o
BT 1-(BL=_AP)
P
—]1/2
substituting the values, in this equation 1.39-1 |
2/1. 11;.145. - ,o)-l?S 1.39
| ny (s - ans)\ ¥ 1- ( L5 )
= «39 1ha15 Uyl5 - 475
1 -( I )
— —1/2
= | 3.56 (.967)1°hh (1=o.967)°28
: (1-0.967)
— 0005312 _ 1/2
- L3.56 X 0952 X 'O—.OBjZI =[Oo95ﬂ
= 0,978 -

Q.668 x 4196 x 0,970 x 0.978 \/ 0.0726 x 0.L475

=
8

= 0,0230 1b per sec.
At this rate of flow the pressure drop across the viscous element was
0,026 in of water. Calculation for the temperature, pressure and
vispogity correction is as followss . )

AP = 2 fnb Ly : i -
at standard conditions of 60°F and 1L.7 psia
NPy = I%ZL /u"(,‘o V.60 and nat. any other temperature t°F

o= B ow, v,

assuming I\ Pgo = A\ by

_ M
e Yoo M Ve o Veo éé%g Vg

7

Therefore Wgo = Qo x Pgo = A Vgy Fgp and

Wy =Qp py =4 Vg €t

- P £
and ‘0 == or ! 60
RT =/ Pt
. ‘ t Teo T,

1]
®
o
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Thus _’;.62 = DPeo .T_:E'.
t Py T6o

Wy, ;!!60 Pt 60
Ay, 1h.7 T
orw :w W . - t
0= TR TR T o

For a temperature of 77° F and pressure of 1llj.45 1b per sq in.
W‘t = Wy7 = 0,023 1b per sec

/U;t 2/”77 =,0185 centipoise and_/uféo = ,0180 centipoise

- +0185 1.7
Weo = 0,023 x =g x 5317

s * 5%
= 0.023 x 1.08 :
= .0248 1b per sec.

A0  p
Wy = g 520
v Mt x 1.7 * Ty x Weo

Where Z is the correction factor.
z ;#60 x Pv_x 520

pLs

Ay T h

Hence correction factor Z is obtained for a temperature of 77°F and

14.7 1b per sq in.
Wy, 1

Z = W_é.a,;m-‘: 04926

Hence W‘t = ‘Wléo x 00926,

If the pressure drop &\ p, across the meter is known, the corres-
pondiﬁg Wgo may be obtained from the graphe. The correction factor
at the desired temperature is obtained from the correction factor
graph Figure 18 and hence the true rate of flow at A Py may be
obtained corrected for pressure temperature and viscosity as shown
aboves Additional correction factor (Barometer reading psia divided

by 11;.7) to be multiplied by rate of flow for pressure correction.



57

VITA

N S« Vicar Husain
candidate for the degree of
MASTER OF SCIENCE

Thesis: DESIGN AND CALIBRATION OF A VISCOUS ATR FLOW METER
Major:r Mechanical Engineering (power)

Biographical and Other Items:

" ‘Born June 15, 1928 at Hyderabad Dn. India

Undergraduate Study: Bachelor of Science, Nizams College
Hyderabad, 1947. Bachelor of Science in Mechanical
Engineering, Osmania University, Hyderabad Dn. India,

1949,
Graduate Studyszklahomé‘A & M College, 1953-1955.

Experlence° Two years of industrial training, sponsSsred by -
the Government of India, at Hindustan Aircraft Factory,
India and Cooper Engineering Ltd. (Diesel Engine Manu-
" ‘facture), Satara, India, (one year at each). ’
One year part time.teaching at Oklshoma A & M College
. for the Physics Department.

Member of the American Society of Mechanlcal Engineers, and 8001ety
of Automotlve Englneers.\ﬁ_;

Date of Final Examination: May, 1955



THESIS TITLE: DESIGN AND CALIBRATION OF A VISCOUS AIR FLOW METER
AUTHOR: 8. Vicar Husain

THESIS ADVISER: Professor W. H. Easton

The content and form-have been checked and approved by the author
and thesis adviser. The Graduate School Office assumes no
responsibility for errors either in form or content. The copies
are sent to the bindery just as they are approved by the author
and faculty adviser. }

TYPIST: Sara Preston

58



