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CHAPTER I
DIGEEAL COMIUTER SIMULATION OF OSCILLATORY I'LOW
[N CARBURKIOR FUEL METERING NETWORKS

It is known that carburetors meter fuel at a different rate
when they are tested on an engine than when they are tested on a
flow=-stand. Sinée the manifold pressure of an engine is known to pul-
sate, and the simulated manifold pressure during a flow=-stand test is
relatively free of pulsation, the difference in flow is thought to be,
in part, due to oscillations which are induced into the flow by the
pressure pulsations. Therefore, the overall objective of this thesis
is to develop a technique utilizing the digital computer to analyse
and simulate oscillating flow in carburetor metering channels,

The modern day, air-bleed type of carburetor can be described
as a complicated network of interconnecting tubes and orifices. ILiquid
fuel flows in some of these elements, air flows in others and a mixture
of air and fuel flows in still others. The liquid fuel is introduced
into the network from a reservoir, which is commonly called a float bowl,
and ambient air is introduced into the network at various points, which
are called air bleeds. The fuel and bleed air mix in the network, and
the mixture then flows out of the metering network via several ports.
Some of these ports are located in the venturi walls of the carburetor,
and the pulsating pressure force at these ports causecs the flow in the
metering network to oscillate,

In order tc analyse transient flow phenomena in such a compli-
cated device, the computer is indispensable. Recently, digital computer
analysis of carburation and induction systems have been performed by

several investigators, the most comprehensive of which is the carburetor



20) (38)

simulation of Harrington( . Other investigators, such as Streeter s
have used the computer extensively to study transient flow in pipelines
and piping networks. Therefore, the goal of this thesis is to extend
the technology of analyzing carburetor fuel-flow with the computer to
include the influence of oscillating flow. Existing techniques of
analyzing transient flow with the computer will be used wherever pos-
sible, and new methods will be developed when necessary.

In order to make an accurate analysis of carburetor flow, pre-
cise knowledge of the flow characteristics of the metering orifices is
necessary. Orifices are used extensively in the fuel metering network
to control both the fuel flow from the float bowl and thé flow of bleed
air at several points. Since the flow through the orifices oscillates,
and since flow oscillation is known to influence the coefficient of dis-
charge, it is necessary to gain quantitative information on this effect.
Therefore, another major objective of this thesis 1s to experimentally
determine the coefficient of discharge of small orifices for oscillat-
ing flow of an incompressible fluid, and to find the dimensionless para-
meters which are needed to describe the results.

There are many variations of carburetor designs, and, without
a comprehensive simulation, it is almost impossible for the carburetor
engineer to evaluate the effect that design variations have on car-
buretor flow characteristics without building and testing a prototype.
For this reason, the simulation is to be as general as practical. This
will be accomplished by making the flow network of the carburetor a
variable in the simulation program. That is, the lengths and diameters
of all the flow elements, as well as the pattern in which they are con=~

nected to form the flow network, will be changed without the need for



altering the computer program., This information be designated as
input data and must be specified each time it is used., This feature
allows the flow~-path of the gasoline and air in the carburetor to
easily be changed, as well as the lengths and diameters of the ele-
ments which constitute the flow-path. Other parameters, such as the
force due to gravity or other accelerations, or the fluid properties
of the fuel, will be also specified as input data. Thus, the influence
of many factors on the fuel metering by carburetors will be evaluated,
and the performance of different carburetor designs can be studied
without the need of building and testing them. It is, therefore,
hoped that the carburetor engineer will use the methods developed

in this thesis to ease his burden in designing carburetors which

will have desirable performance under all operating conditions.



CHAPTER II

PRESSURE PULSATIONS IN THE CARBURETOR: ENGINE TESTING

2.1 Reasons for Engine Test

Since carburetors meter fuel differently on an engine than they
do on a flow bench with steady air flow, it is beneficial to investigate
the amount of this difference for a typical carburetor. At the same time,
measurement of the pressure pulsations, which exist at several points in
the carburetor which is on an engine, would be useful in explaining the
difference in fuel flow. Therefore, one of the goals of this test pro-
gram is to measure the fuel-to-air ratios provided by a carburetor which
is in operation on an engine, and to compare the results to fuel~to-air
ratios for flow-bench operation. Simultaneously, highly responsive
pressure-transducers will be used to measure the amplitude and fre-
quency of the pressure pulsations, which will be related to fuel-to-air
ratio differences that exist between the engine test and the bench test.

Another reason for testing an engine~carburetor combination is
to obtain detailed data on the carburetor pressures, as a function of time,
with which to compare the computer simulation., The venturi pressures
are used as input variables for the simulation. The simulation program
then calculates the main-metering channel pressure as a function of time,
which should then be the same as the measured main-channel pressure, When
agreement is accomplished, it is assumed that the computer simulation is
accurately predicting the oscillating flow in the carburetor.

A third reason is to provide some quantitative knowledge of
the extent of pressure pulsations in the carburetor venturis for the use
of’ future investigators., Even though this data is only for one partic=
ular carburetor, venturi configurations tend to be similar enough to

allow this data to be applied to other carburetors in lieu of no data.

ym



This is particularly true of the influence of the throttle plate on the
pressure pulsations, since the butterfly design of throttle is most
universally used.

2.2 Previous Studies

Experimental studies on the effect of pressure pulsations on
fuel metering by carburetors have been performed by a few investigators.
Prien (28) did an experimental study of the influence of pressure pulsa-
tion on the fuel-to-air ratio for a simple carburetor, which lacked air
bleeds, on a single-cylinder engine. He tested his carburetor with steady
air {low, with air flow for the engine motoring, and with air flow for
the engine firing. For his simplified carburetor he obtained fuel-to-air
ratios for firing and motoring conditions which were as much as three
times greater than for steady air-flow conditions.

Hosho (21) also tested a simplified carburetor, which was very
similar to that used in the work of Prien. However, his carburetor had
an air bleed and he used a stroboscopic light and a high-speed camera
to study the flow oscillations at the fuel discharge port. He varied
the éir bleed diameter and the venturi suction and noted the effect on
the amplitude of pulsations and the fuel-to-air ratio. He found that
flow oscillations which occurred when no bleed air was introduced were
largest fof low venturi vacuum. He also found that the introduction of
air caused the flow oscillations to be greatly increased. The greatest
amount of oscillation was found to be for small venturi vacuum at the
minimum mixture ratio, and that the flow mode for the fuel and bleed
air was slug flow for maximum oscillations. He also tested three typi-

cal commercial carburetors and found similar results.



In a later work, Hosho (22) continued his photographic study ol
flow oscillation of the fuel as it leaves the main discharge nozzle. He
studied a Stromberg type down-draft carburetor, with a high-speed movie
camera, in operation on an engine and on a flow stand. He concluded
that, "Pulsations will occur regardless of whether the carburetor is
operated in an engine with a pulsating air flow or in a Cox carburetor
test stand with constant flow". He found that the pulsations are mini-
mized by the elimination of bleed air. He further states that, "the
pulsations during fuel jet of the main fuel system are caused by the
air introduced through the air bleed, not by a pulsating air flow".
However, his photographic testing technique is qualitative in nature
and it will be shown by more accurate testing methods that the pulsating
back-pressure at the venturi is the only source of pressure pulsations
at low engine speeds and large throttle-openings.

Oyama, Tejima and Hosho (27) continued this study of the tran-
sient flow phenomena caused by the bleed air by creating a one-dimen-
sional flow model of the two-phase flow in the carburetor emulsion-tube.
For this model they divided the flow elements into small increments
along the direction of flow, and assumed an average fluid density which
was based on the relative volume of fuel (liquid) and air (gas) to enter
each incremental section. They then solved the equations of motion
and continuity, for increments in time and space, with the computer,
and were able to accurately compute fuel-discharge lag-time for the
Stromberg carburetor for sudden acceleration. Their experimental re-
sults compared very well with their calculated values, but they did not
extend their analysis to the flow oscillations which they found to occur

under steady engine-load conditions in the previous work of Hosho.
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Many investigators have measured and analyzed the pressure
pulsations in the manifold of an engine, and much discussion is avail-
able on the topic. Taylor, Livengood and Tsai (30) experimented with a
single-cylinder engine in order to study the pulsing phenomena with
regards to the "ram effect" on the intake air and improvement of volu-
metric efficiency. They measured the inlet port pressure and cylinder
pressure as a function of time for different lengths of inlet pipe.
Their work contains considerable discussion of the physics of the
pulsating pressure in the intake manifold.

Tater work on the "ram effect" was done by Huber and Brown
(23) in which they simulated the engine cycle with the digital computer
in order to study the influence of dimensional changes of valves and
manifolds on the induction process and volumetric efficiency. Their
work included the effects of heat, finite time of combustion and vari-
able gas-specific heat, but it was done for single-cylinder engine only
and does not include the influence of a throttle or other restrictions
in the intake and exhaust systems.

More recent studies of intake and exhaust systems of single-
cylinder engines were performed by Goyal, Scharpf and Borman (19).
Their work includes experimental study of the wave damping within the
manifold during the time the intake valve is closed. 1In the same work
they perform a digital-computer solution of the pressufe in the intake
and exhaust manifolds for which they assume one-dimensional compressible-
tflow in a straight pipe of constant area with friction and heat. How-
ever, the work does not include the influence of a throttle valve, and

it is only for a single-cylinder engine.



-8-

A study of the formation of the combustible mixture in the
intake manifold, which includes the influence of flow oscillations,
was performed by Brandstetter (17). The study was performed on an
idealized intake manifold, which consisted of a straight pipe with each
end connected to a plenum chamber. A vacuum was created in one chamber
which induced flow through the pipe. The flow was caused to oscillate
by a rotary type of sleeve valve, which was located in the pipe, and the
influence of liquid and vapor fuel, which was introduced into the flow,
was investigated. The transient flow was analyzed with the digital com-
puter by the method of characteristics, and the calculated values of
air flow, fuel flow, and air-to-fuel ratio compared well with the
experimental results.

The same investigator continued his work (18) by modeling
single-cylinder engine flow with intake and exhaust pipes. In this
later effort he included the influence of the throttle plate and intake
and exhaust valves. The work is only theoretical, and contains no
supportive experimental results.

It was found that much study has been performed on the intake
manifold of a four-stroke engine. However, in all cases only a single-
cylinder engine was studied, and the pulsating pressure phenomena in a
multi-cylinder manifold was not found to be discussed in the literature.
Therefore, the énalysis of the transient flow in a multi-cylinder
manilold is a topic which should be investigated. It was also found
that few investigators have studied the pressure pulsations which are
caused in the carburetor fuel-metering network by the pulsating back
pressure at the venturi, and how these pulsations can, under steady

load conditions, influence the flow of fuel in the metering network.



This is the problem which has been chosen for further study in this
thesis.

2.3 Testing Procedure

A Ford C8AF-L 2-barrel carburetor was specially modified to
accept highly responsive electronic pressure transducers to measure
boost venturi pressure, main-venturi pressure above and below the
throttle, and main-metering-channel pressure. Tubes of 1/8 inch
diameter were inserted through the carburetor walls to provide pressure
taps at the desired points. The transducers were then attached to the
ends of the tubes on the outside of the carburetor. The tubing length
was made as short as possible to minimize frictional damping of the
signal, and the diameter of the tubing was small to minimize capacity
for absorbing pressure signal. Figure 1 shows the location of the four
pressure taps to which the transducers were connected. Appendix A
gives more details on the test equipment and procedure for the engine-
carburetor test.

2.4 Results of Engine Tests

The results, as shown by Figures 2 through 5, illustrate

that pressure fluctuations do occur throughout the carburetor and in

the intake manifold., The pressure pulsations occur at all times in the
manifold, as shown by Figure 2, but they only occur at throttle angles
greater than about 30 degrees (90 degrees is wide open throttle) in the
main venturi and boost venturi, as shown in Figures 3 and 4. This is
expected since the flow at small throttle openings is choked which pre-
vents changes in manifold pressure from being transmitted‘upstream of the
throttle. Figure 5 shows the pressure pulsations in the main metering

channel to be present also for throttle angles greater than 30 degrees.
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The frequency of all of the pulsations is equal to twice that
of the engine revolutions. For the dual level manifold, each venturi
of the carburetor services four cylinders, and each cylinder per-
forms an intake stroke every 720 degrees of crankshaft rotation. Since
the four-intake strokes are nearly evenly spaced in time, they occur
at 180 degree intervals of crankshaft rotation and create a pressure
pulse at the same interval. Therefore, two intake strokes occur for
each complete rotation of the crankshaft so that the pressure pulsations
have a frequency which is twice the engine speed, or equal to rpm/BOcps.
This frequency corresponds to the number of intake strokes per second
for the 8-cylinder engine,

2.5 Manifold Pressure Pulsations

Figure 2 shows that large pressure pulsations exist in the
intake manifold, for all combinations of engine speed and throttle
angle. The greatest amplitude of pulsation is seen to occur at the
highest engine speed, and the influence of the throttle opening is
seen to depend upon engine speed., Iarger throttle opening makes the
fluctuations smaller at low speed (1000 and 1500 rpm), and larger at
high speeds (3000 rpm). At intermediate speeds, the throttle angle
has a small influence upon the pressure pulsations in the intake mani-
fold, This phenomena has been well researched for single-cylinder
engines, as previously mentioned, but little has been published on
analyzing pulsating pressure in multi-cylinder engine intake manifolds.

2.6 Venturi Pressure Pulsations

The pressure pulsations, which have been shown to exist in the
manifold at all engine speeds and throttle settings, influence the pres-

sure above the throttle plate in the carburetor main and boost venturis

as shown in Figures % and 4, The boost venturi pressure tap is in the
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same position as the ports for the main-system fuel flcw as shown in
Figure 1, which means that the fuel*metering network will be exposed
to these fluctuations. The figures clearly indicate the large effect
the throttle has on the pressure pulsations, because no pulsations are
present at throttle angles less than 30 degrees (90 degrees is wide
open throttle). This phenomenon is explained by the fact that the

air flow reaches sonic velocity at the throttle for small throttle
opening, and, therefore, no pressure disturbance can be transmitted
from the manifold, wupstream from this point. At throttle openings
between 30 and 50 degrees, the amplitude of the pressure pulses in the
carburetor are measurable, but the throttle still substantially restricts
the amount of pulsation which is transmitted from the intake manifold.
However, at throttle angles greater than 50 degrees, the throttle does
little to dampen the pressure amplitude. The pressure amplitudes are
substantial in size, and for the boost venturi, are even greater than
those in the intake manifold.

The analysis of the oscillatory flow which occurs in the mani-
fold and in the venturis, as shown in Figures 2-k4, is very complicated
and presents a formidable problem. As mentioned earlier, many investi-
gators have tested and analyzed simplified versions of the air intake
system, but none were found who attempted to analyze the oscillatory
flow in the multi-cylinder engine intake system. Harrington (21)
studied the problem for steady flow, and included the influence of
compressibility, fuel droplet size, fuel atomization, and the throttle
plate, where sonic flow occurs. The problem is also complicated by the
influence of flow=-path curvature, two-phase flow with part df the liquid

phase clinging to the walls, area changes, and evaporation. Analyzing
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this complicated system, which has oscillatory flow, is a challenging
problem for future investigators.

2.7 Main Fuel Channel Pressure Pulsations

Figure 5 shows the amplitude of the pressure in the main fuel
channel which is immediately downstream of the main metering orifice
(see Figure 1). The frequency of these pulsations is the same as the
frequency of the pressure in the manifold and the venturis (rpm/30 cps),
which indicates that the venturi pressure fluctuations are causing the
pressure in the main fuel-metering channel to pulsate, Further evidence
of this is that the metering-channel pressure-pulsations at these fre-
quencies do not exist at throttle angles less than 30°, because pressure
pulsations do not exist in the venturis for the same throttle angles.
This indicates that only the main-metering system transmits pressurec
pulsations to the main fuel channel, and that the idle system has a
large damping effect on the pressure pulses which are transmitted to the
metering network via the idle port. The pressure pulsations at the idle
port are similar to those of the manifold, hence, they are always present.
The damping effect of the idle system was substantiated by testing the
engine for two identical points of speed and throttle angle with the idle
screw open in one instance and closed for the other. No difference could
be noted between the amplitudes of the pressure wave in the main channel
of these two cases.

2.8 Waveshape of Pressure Traces

Most of the pressure-time traces taken from the carburetor
could be approximated very well with a single harmonic of fundamental
frequency. However, some exceptions do exist, and these should be noted

now. Manifold pressure for throttle angles greater than 60 degrees
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deviated noticeably from a purely sinusoidal wave shape. However,

it appeared to be very close to a sinusoid for all speeds at throttle
angles which are equal to or less than 60 degrees. Just above the throt-
tle, at the point in the main venturi, the pressure wave shape always con-
tained noticeable amounts of higher harmonics, but the magnitude of the
fundamental harmonic was still predominant. Similar results were noted
for the pressure wave of the boost venturi, which appeared to contain a
substantial second harmonic because the wave was well rounded at high
pressure, and pointed during the other half of the cycle at low pres-
sure. The fundamental frequency of the pressures in the venturis and

the manifold was always equal to twice the engine speed,

The pressure pulsations in the main channel also had a frequency
of twice the engine speed. However, another pulsation also occurred which
had a frequency between 15 and 25 cps, regardless of engine speed.
Therefore, the waveshape of the pressure in the main channel was a com-
bination of a 15-25 cps wave and a wave with a frequency equal to twice
the engine speed. The 15~25 cps portion of the wave did not exist at
or below 1000 rpm, but became evident at 1500 rpm. At speeds greater
than 1500 rpm, the amplitude of the 15-25 cps pulsations became propor-
tionally larger, and the amplitude of the pulsations with a frequency of
rpm/50 also increased. All of the data for the pressure amplitude in the
main channel, which is shown in Figure 5, is for the harmonic of frequency
which is equal to twice the engine speed. This means that the pressure
amplitude shown in Figure 5 is only caused by the pulsating pressure at
the boost venturi. The total pressure amplitude is actually greater,

becausc it includes a 15-25 cps component.
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Some phenomena, other than the pulsating back pressure at the
boost venturi, must be causing the pressure disturbance of 15-25 cps
the main chamnel, This phenomena has been noted by Hosho (22), who did
high-speed photographic studies of carburetor fuel-flow. Unfortunately,
he did not measure the pressures, so that the results of his studies
are only qualitative, He was only able to determine the frequency of
the flow oscillations, and had no way of measuring their magnitude.
The oscillations had a frequency of 10-20 cps for his carburetor, and
these were independent of engine speed., Also, the same phenomenon
occurred when the carburetor was operated on a flow bench with constant
venturi pressures. He was able to minimize these oscillations by making
the air-bleed flow zero, and he concluded that the flow oscillations
in the carburetor are due to the two-phase flow and are not due to
fluctuating back pressure in the engine manifold or carburetor venturis.
However, the data of Figure 5 does show that, for this particular
carburetor, pressure fluctuations do occur at the main metering orifice
which are due to the pulsations of the back pressure in the venturis.
At cngine speeds below 1500 rpm, these are the only pulsations which arec
present in the main fuel channel, and the influence of the bleed on
pulsation is negligible. At greater engine rpm, the pressure fluctua-
tions due to the bleed air are comparable to the fluctuations due to the
pulsating back-pressure in the venturis.

2.9 Comparison of Engine Tests with Flow Stand Tests

The venturi pressures and the manifold pressure have both been
shown to pulsate (Figures 2-4), and these pulsations are now known to be
transmitted into the main fuel metering channel (Figure 5). Since these

pulsations only occur for engine operation, it is now of interest to
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investigate the cffect they may have on the average fuel-to-air ratio
provided by the carburetor. A comparison of engine fuel-to-air ratios
with flow-bench fuel-to-air ratios is shown in Figure 6, which is a plot
of fuel-to-air ratio versus air flow, and shows many data points for
different throttle angles and engine speeds. The data indicate that the
carburetor performed on the engine almost exactly as it did on the flow
bench at air flows greater than 600 pounds per hour. This is partic-
ularly true of the upper curve, or full power line, However, at air
flow rates less than 600 pounds per hour, the engine fuel-to-air ratios
are shown to be greater ( at full power), than the flow-bench fuel-to-
air ratios. These points coincide with the points of low engine rpm and
large throttle opening, which is when nearly all pressure pulsations in
the main fuel-metering channel are caused by the fluctuating back pres-
sure in the boost venturi. These fluctuations in the boost venturi only
occur when the carburetor is operated with an engine, and are, there-
fore, thought to be the cause of the difference between the test bench
and engine fuel-to-air ratios.

The difference between the engine test points and the flow-
bench test-points is also noted for the lower curve in Figure 6, or
the off-idle and cruise ranges of operation. This difference cannot be
attributed to boost venturi pressure pulsation, because it has been shown
that small throttle angles (large pressure ratios or choked flow) greatly
dampen the pressure amplitude at the boost venturi. This difference in
fuel-to-air ratio between engine operation and flow-bench operation can
be attributed to fuel property variations. The flow test was performed
with a special testing fluid, and the engine tests were performed with

gasoline. As stated by Bolt, Derezinski, and Harrington(l7), fuel
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property variations can cause substantial differences in fuel metering
by carburetors, and their engine test data, for the same type of car-
buretor and engine, shows that this is particularly true in the idle,
off-idle, and low power ranges of operation. Pressure pulsations are
thought to be the cause of the fuel-to-air ratio difference between
flow bench tests and engine tests at wide open throttle and low air
flow (low engine speed), and it is postulated that it is the influence
of these pulsations on the metering characteristics of the main-meter-
ing orifice which cause this difference. This leads to an important
phase of this thesis, which is the influence of pressure pulsations

on the time-average flow through small orifices,

2.10 Conclusions from Engine Tests

1. Pressure pulsations were found to exist in the induction
and fuel metering system of a Ford V-8 engine with a C8BAF-I two=-barrel
carburetor. The frequency of the pulsations was always rpm/BO cps,
with exception of the metering channel. The waveshape of the pulsa-
tions was primarily of one harmonic, but noticeable amounts of second
harmonics and some higher harmonics were also apparent,

2. The throttle angle was found to greatly influence the
amplitude of the pulsétions at the main venturi and boost venturi.

The amplitude was maximum at wide open throttle (90 degrees). The
throttle angle had a minor influence on the pressure amplitude in the
intake manifold.

5. Greater engine speed resulted in increased pressure fluctu-
ation amplitude in the intake manifold, main venturi, and boost venturi.

Lk, The pressure wave in the main channel was generally com=-

posed of two components, one at a frequency in the range of 15-25 cps



and one at a frequency dependent upon engine gpeed or rpm/EO. The
amplitude of the former did not appear to be related to engine speed
or throttle angle, and the amplitude of the latter followed a relation=-
ship to engine speed and throttle angle which is very similar to that
of the boost venturi pressure fluctuation. The constant-frequency
component has been shown by Hosho (22) to be caused by fuel pulsa-
tions due to the introduction of bleed air.

5. Different fuel/air ratios between the engine test data
and the flow-bench data for the same carburetor was found to exist
at low air flows (low engine speed). At wide-open-throttle, this dif-
ference at small throttle angles can not be attributed to the same
cause. At high air flows and wide-open-throttle, no difference between

the fuel/air for bench test and engine test is noted.



CHAPTER III

INCOMPRESSIBLE OSCILLATING FLOW THROUGH ORIFICLS

3.1 Introduction

A carburetor contains many small orifices which serve to
control the flow of fuel and bleed air. These orifices are on the order
of 0.05 inches in diameter and range in length from 0.05 to 0.2 inches.
Most of them are of a "square-edged" design; that is, their geometry
is congruent to a drilled hole. However, the main-metering orifice,
which controls the main fuel-flow from the float bowl, has a uniquec
geometry. It has sections of different areas, camfers, and a screw-
driver slot. It is easily removed with a screwdriver since it is
threaded into place, whereas the rest of the orifices are permanently
pressed into place. The main orifice is made to be removable because it
is a major flow-controlling element of the carburetor, and the metering
characteristics of the carburetor can be easily adjusted by changing it.
The importance of the main metering orifice, and the other orifices,
makes the knowledge of the flow characteristics of these elements vital
Lo ULhe accuracy ol uny carburctor analysis. Fluid {low through the
oritices must be known in terms of any independent variables which
could change during carbufetor operation. The variables which influence
flow through orifices for steady flow have been thoroughly studied by
Harrington (20), and the results applied in his digital computer simu-
lation of the carburetor. It has previously been shown here that the
pressure at the main orifice is pulsating. Therefore, the task is now
to determine how pressure pulsations and the corresponding flow-oscil-

lations influence the rate of fuel flow through orifices.



25

The study of periodic flow of an incompressible fluid involves
several variables which are; the frequency of the pulsation, the ampli-
tude and mean values of the pressure differential, and the amplitude and
mean values of flow. Figure 7 illustrates the meaning of the variables
for a sinusoidal flow, which is typical of carburetor flow. However,
waveshape is an important variable, and the results contained here can
only be applied to flow which resembles a sinusoidal form. The variables

can be combined into three dimensionless groups as follows:

@b =  Strouhal number, STy
Kl

Q :

Q& = flow ratio, QR’ and
. APA

Zﬁ; =  pressure ratio, APp.

As the literature indicates, all three of these dimensionless numbers
are pertinent to oscillating flow through orifices.

3.2 Previous Work

The influence of flow oscillations on metering by orifices
has wide-spread practical application because many fluid systems inher-
ently contain oscillations due to the use of a piston pump or a flow
instability. The metering characteristics of any orifice are influenced
by the flow oscillations, and their effect must not be overlooked when
prceise metering is desired. Hence, considerable study has been per-
formed about the influence of flow oscillation on fluid metering by
orifices. However, little analytical study of oscillating flow through
orifices was found in the literature. Most of the work is experimental
and deals with the measurement and correlation of coefficients of dis-

charge and other types of correction factors.
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Iiven though a complete theoretical analysis of oscillating
flow through orifices has not been performed, the solution to the
closely related problem of transient flow in an infinite tube has been
published. Daneshyar (5) solved this problem for a pressure gradient
which is an arbitrary function of time. However, thc results of his
studies can only be used in a qualitative way in reference to the orifice
problem because entrance and exit effects and flow turbulence, which
are not included in his studies, are most important.

Benson and Shafie (4) performed a theoretical and experi-
mental study of the use of sharp-edged brifices to measure instantaneous
air flow. They modeled the orifice as if it were composed of two
sections: 1) sudden contraction and 2) sudden expansion. They then
solved the one-dimensional, non-steady equations of continuity, energy
and momentum for the two sections, and equate the solutions at their
common plane, which is the exit plane of the orifice. Their experiments
show that their analysis is limited to large orifice-to-pipe area-
ratios and small_pressure differences. They conclude that their
analysis can be used to determine instantaneous mass flow rates if the
aforementioned limitations are maintained.

The literature primarily contains experimental solutions
to the orifice problem, and includes studies of both incompressible
and compressible oscillating flow. For this work, incompressible flow
is of interest, but the results of previous experiments with compress-
ible fluid are also useful since many similarities do exist. Most of
the previous testing has been done with compressible fluid, and, in
somec cases, the results have been applied to both compressible and

incompressible flow.
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A very comprehensive study of experimental work on pulsating-
flow measurement by Oppenheim and Chilton (1l) summarized the techniques
of measuring oscillating flow. They presented a discussion of the funda-
mental aspects which must be considered when measuring oscillating flow,
and then discussed the merits of several different methods of measuring
it. This work also contains a large bibliography which makes it very
useful to any further study of the subject.

Earles and Zarek (7) studied the flow of air through orifices
of diameters 0.75 to 1.75 inches for oscillations up to 16 cycles/second.
They measurcd a correction factor which is needed to adjust the steady-
state coefticient of discharge to account for the influence of pressure
pulsations. They correlated their correction factor with the dimension-
less numbers of pressure intensity and Strouhal number, but they did not
consider dependence of the correction factor upon Reynolds number, which
varied from about 30,000 to 60,000, or upon Mach number, which varied
approximately from .03 to .09. They did investigate the dependence
of flow upon geometry and found that the position of the orifice along
the pipe-length had a small measurable influence in most instances.
Since their results are for a compressible fluid, it is not possible to
quantitatively compare them to the results which are presented in this
study. However, they do state that pressure intensity and Strouhal
number are both important parameters in determining the influence of
pressure pulsations on fluid flow.

| Jeffery (9), under the supervision of Zarek, continued the
study of the influence of pulsations on air metering by orifices. He
extended the range of frequency to 33 cycles/second, and found that the

time-average flow for pulsating pressure is dependent upon frequency,
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pressure intensity, orifice-to-pipe area-ratio and mean flow. His data
contains information on the influence of waveform of the pulsations
upon the time-averaged flow.

In a later work, Zarek (14) summarized the efforts on measur-
ing oscillating flow. He applied recent findings to the problem and
made recommendations as to how inaccuracies, encountered in flow
measurement with orifices, due to flow oscillation can be minimized.
His data, plus that of Earles and Jeffery, showed that the true flow can
be greater or less than that predicted by the average square-root of
the pressure differential.

Sparks (12) measured the instantaneous flows of air through
orifices in order to study the influence of pressure pulsations on
time-averaged flow. He accomplished this with a hot-wire anemometer and
attempted to plot his data as a function of flow ratio, but his plots
show no consistent pattern. He further admits that he needed to con-
sider the additional effects of Reynolds number, Eulers number, Mach
number, pressure ratio and Strouhal number. He did observe the time-
averaged low to be different for pulsating pressure compared to the
steady pressure, and his data show that flow oscillations can cause
time-averaged flow to be greater or less than that for steady flow.

He stated that he needed an order of magnitude of additional data in
order to fully investigate the influence of all of the dimensionless
variables.

Mbseley(lo)studied the influence of pulsation on water flow.
He measured the periodic flow with a magnetic flow-meter up to fre-
quencies of 9 cps and flow intensities (ratio of flow amplitude to

mean flow) of 6.5 for orifices of about 2 inches diameter. His



Reynolds numbers ranged from 65,000 to 400,000, He presented a quasi-
steady theory for accounting for the pulsations, and shows that the
neglected effect of temporal acceleration is a good approximation for
his low-frequency data. He plots his data in the form of an error
parameter as a function of flow ratio. The error parameter is defin-

ed by coefficients of discharge for steady and pulsating flow as follows:

Cps

- error =
Cpp

His data show that pipe diameter-to-orifice diameter ratio has a small
influence on the error parameter, and that the error caﬁ be negative
at low flow ratio, which means the average flow under pulsating condi-
tions can be greater than for steady conditions with the same average
prossﬁrc differential.

Almost all of the recent literature ou mecasuring oscillating
flow mentions the square=-root error. This is based upon the mathe-
matical fact that in general:

1 ; 1/2 ’ 1/2
= f ap’" at 4 %{f APdt:] ,

or the square root of the integral does not equal the integral of the
square root. Flow is known to be approximately proportional to the
square root of pressure differential, but a manometer measures the aver-
age pressure-differential. Hence, the square-root error arises when the
average flow is taken as proportional to the square root of the average
pressure-differential, as measured by the manometer, and not proportional
to the average of the square root of the pressure differential.

To summarize, no theory was found to accurately predict the
time-averaged flow through an orifice when the flow is oscillating.

However, the important dimensionless quantities have been defined, but
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no ecxperimenter was found to have taken sufficient data lto corrclatc

the tlow with all ol the nccessary dimensionless numbers., ALl ol Lhe
data found shows scatter of at least i}O%, and any correlation of Ilow
or coefficient of discharge with any dimensionless variable has been

for limited ranges of the other important dimensionless variables.

Most important, as to the work performed here, no data was found for the
influence of flow oscillations on small orifices. Also, few investi-
gators attempted to measure instantaneous flow, but rather only measured
the instantaneous pressure differential, and most data is for relatively
low frequency (less than 50 cps).

3.3 Objectives of Orifice Tests

The main objective of the orifice test program was to deter-
mine the influence of flow oscillation, and, consequently, pressure
pulsation of a sinusoidal wave form, on the time-average flow through
an orifice. This was to be done for one incompressible fluid (mineral
spirits) and several geometrically different, small orifices (about
.050 inch in diameter). Instantaneous pressure and flow were to be
measured for steady-oscillatory flow conditions at frequencies up to
100 cps. The fluid viscosity and density were to be accurately deter-
mined for use in analyzing the data.

The objectives were also to include the correlation of the data
in terms of the important independent variables. Several independent
dimensionless variables, which have been suggested in the litcraturc,
were to be investigated as to their influence on the flow through small
orifices. A systematic method of organizaing the data for the small
orifices was sought, which would include a simplified analysis to in-

dicate the relative importance of the many independent variables.
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3.4 Description of QOrifice Testing Rig

Figure 8 is a schematic diagram of the testing facility, which
is used to determine the influence of flow oscillations. Its most
unique feature is the use of pistons to force the fluid through the
orifice, and, thereby, provide the desired volume-flow. As shown, two
pistons are used: one piston is moved at a steady rate to provide
steady flow, and the second piston is moved at an oscillating rate to
provide an oscillating component of flow. A strain-gage pressure trans-
ducer is used to measure the instantaneous pressure differential. The
entire facility can also be pressurized to minimize the possibility of
cavitation, which would destroy the coatinuity relationship needed to
calculate the flow from the motion of the pistons.

The detail of the orifice test-block can be more closely
examined in Figure 9, which is a cutaway scale drawing of it. As the
figure indicates, all of the seals are of the O-ring type, including the
sliding seal for the oscillating piston. The figure also indicates the
location of the pressure transducer with respect to the orifice and the
alternating piston. The fluid reservoir and valve which connect it to
the orifice block are also shown as well as the fluid-~flow-path through
the orifice block.

Figure 10 shows the entire orifice testing rig, including
the instrumentation, which is shown on the rack at the left. The Visi-
corder, which is used to record the time traces of pressure and flow,
is on the top shelf of the rack, two Carrier Bridge amplifiers, which
powcr the strain gage circuits and amplify their signal, are on the
middLl two chelves, and o galvonometer amplificr s on Lhe botLom chell.

The Lesting rig 1o chown on the bench Lo the right.
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Figure 8. Schematic of Orifice Testing Rig.
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Figure 11 shows an overall view of the testing rig. The large
cylinder with the temperature and pressure gages is the fluid reservoir.
The orifice block is comnected to the fluid reservoir on the right by
a valve. The cam and motor drive mechanism for the oscillating piston
are shown to the right of the orifice block. The mean-flow cylinder is
hidden immediately below the orifice test block, but its gear-motor
and screw drive mechanism are visible to the left. Two Variacs are
visible in the foreground which are used to control the speed of the
motors. The switches in the box at the left are used to turn on the
gear-motor and reverse its direction.

3.5 Instrumentation

Basically, five quantities must be measured which are:
1) mean pressure differential, 2) alternating pressure differential,
3) mean flow, 4) alternating flow, and 5) frequency. A standard com-
mercial pressure transducer is used to obtain mean and alternating
pressure differentials. Mean flow is obtained from the period of the
signal from the magnetic pick-up. Alternating flow is determined from
a strain gage displacement transducer mounted to the oscillating piston,
and frequency is found with the use of a timing mark provided by the
Visicorder., Table I lists the commercial instruments which were used
in the testing as well as the other commercially made apparatus.

Pressure Transducer

The pressurc transducer, which is connected to each side of
the oritfice block as shown in Figure 12 was initially calibrated with a
water manometer, A pressure (or vacuum) was applied to one side of the
transducer and it was measured with the manometer. The pressure was

set at increments of about 10 inches of water over the range of +45in.HéO.
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Ttem

Magnetic
pick=-up

Thermometer

Pressure
gage

Variac
Gearmotor
AC-DC

Motor
AC-DC

Differential
Pressure
Transducer

TABLE I

EQUIPMENT LIST FOR ORIFICE TESTING RIG

Brand

Electro-Mation

Tagliable

Marshalltown

Superior

Dayton

Dayton

Viatran

Model
Number

Serial
Number

3010-AN

116-B
L4872
2M139

PTB 209 142469

Range

0-100°F

30 in Hg. vac
100 psi.

1.4 kva,
0-140 volts out

0-306 N/L rpm
0-100 F/L rpm

1/5 HP at
10,000 rpm.

+10 psid



The deflection of the Visicorder trace was recorded for each pressure

point, Then a plot was made of inches of water pressure versus inches
of recorder deflection. Figure 13 shows thé calibration curve for the
pressure transducer.

The calibration curve also shows values of deflection (in
tabular form) for calibration resistors. These are special resistors
which are contained in the amplifier and can be switched in parallel
with one of the strain gages of the L-gage bridge circuit of the pres-
sure transducer. When this is done, an electrical unbalance in the
transducer bridge circuit is created which simulates the same unbalance
created by pressure on the transducer. These calibration resistors
can then be used to later set the gain of the amplifiers to different
values without the need of recalibration. That is, if the deflection
for a given calibration resistor is twice what it is for the calibration
curve, then the gain of the amplifier must be double what it was for the
calibration curve. Therefore, values of pressure taken from the cali-
bration curve are twice the actual pressure, or the actual pressure is
only half the indicated value on the calibration curve,

Steady Flow

As previously mentioned, the steady flow is measured with a
gear and magnetic pick-up arrangement. The gear 1s connected to the
drive screw of the steady-flow cylinder, as shown in Figure 14. The
drive screw has a pitch of 0.1 inch and the gear has 54 teeth, so that
the period of the signal from the magnetic pick-up corresponds to
1/5&0 inch of piston travel. The diameter of the piston is one inch;

therefore, the period of the signal corresponds to .00144 cu. in. of
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Test Block and Pressure Transducer.

Orifice

Figure 12.
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piston displacement. Maximum no-load speed of the gear motor is 300 rpm,
which gives a maximum flow capacity of 6.25 gph.

Alternating Flow

Figure 15 shows the transducer used to measure the displacc-
ment of the alternating piston. It is constructed of a piece of flat
spring steel (.020 x 0.500 inch in cross-section; 2-1/2 in. long)
which is firmly attached to the orifice block at one end and to the
alternating piston at the other end. Four strain gages are mounted
to the flat part of the spring to measure the strain in the spring,
hence indicate the motion of the end of the spring which is attached to
the piston. The four strain gages are wired in a Wheatstone bridge
circuit and are powered by a Carrier Amplifier, the same as for the
pressure transducer. The trace recorded by the Visicorder indicates
the displacement of the alternating piston. A dial-gage indicator is
used to calibrate this displacement transducer to thousandths of an
inch of accuracy. Also, the frequency of the displacement is used to
determine the frequency of the flow.

3.6 Fluid Compression: Blank Orifice Test

The means of measuring the alternating flow from the motion
ol' the oscillating piston requires that the flow be incompressible, and
the Lesting rig be inlinitely stiff. This, of course, is not true, and
some [luid compression and testing rig strain will occur when the fluid
pressure within the orifice test block is changed. The fluid compression
and testing rig strain represent a volume change; hence, part of the alter-
nating-piston motion. This leads to an error in flow measurement it the
Flow through the orilice is assumed equal to the swept volume of the

piston. Therefore, a blank test was performed to measure the amount of



figure 14, Drive Mechanism for Steady-Flow Piston.
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piston motion which scrves to strain the orifice testing=rig and Lo
compress the fluid.

A blank was installed in place of an orifice, as shown in
Figure 16, which made the orifice test block, mean flow cylinder, and
pressure transducer into a sealed cavity full of mineral spirits. Any
piston motion, thercforc, represented fluid compression and system
strain. The alternating piston was then oscillated at a very small
amplitude and the corresponding increase in pressure measured with the
pressure transducer., This was done for several frequencies, and the
results of pressure amplitude versus frequency are shown in Figure 17.

The results show that the pressure amplitude is relatively
constant up to a frequency of 80 cps, and the pressure of the system is
in phase with the piston motion. In other words, quasi-steady conditions
prevail, and any change in volume created by the piston motion is off-
set by compression of the fluid and strain of the orifice testing block.

On the other hund, at frequencies greatcer than 100 c¢ps, the
pressure amplitude is much greater than the constant valuc at lower
frequencies., A phase shift is also noted between pressure and displace-
ment, which means that the system remained in a state of strain while
the piston partiaily returned to its starting position. In other words,
the response of the strain is limited to 100 cps, and considerable error
will be encountered if data for frequencies greater than 100 cps are
taken.

Any air, that is trapped in the system, will also negate the
agsumption of incompressibility which is needed to calculate the flow
from the motion of the pistons. Notice the glass tube and shut=~off

valve above the pressure transducer in Figure 11. This tube was
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DIAPHRAGM

1/4 INCH COPPER TUBE

3/8 INCH THICK BRASS CAVITY
1 INCH DIAM. 1 INCH LONG

BLANKED ORIFICE
1/4 INCH IN THICKNESS

CAM +,0037 INCH

a8 x 10 cu v

ALTERNATING PISTON DIAMETER = 0. 25 INCH

1/8 INCH COPPER TUBE

TEFLON O-RING SEAL MEAN-FLOW CYLINDER AND PISTON,
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CYLINDER LENGTH = 6 INCHES

HELD STATIONARY FOR THIS TEST

Figure 16. Schematic for Blanked Orifice Test.
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partially filled with fluid to form a miniscus, the shut-off valve was
opencd, and the valve to the reservoir was closed. Pressure was applied
(about 1.0 psi) to the open end of the tube, and any motion of the
miniscus was noted. When the test cavity was completely full of liquid
with no entrapped air, only a slight motion (about .030 inch) of the
miniscus was caused by a pressure of 1.0 psi. This represents little
compression since the tube is only .125 inch i.d. Any slight bubble of
air, which was trapped in the system, caused a large increase in miniscus
motion (greater than 0.5 inch). The miniscus motion was so sensitive

to entrapped air that the mean flow cylinder had to be completely
assembled while immersed in test fluid. This insured that no air was
trapped in the tiny cavities between o-rings and o-ring groves, and was
the only method found successful in eliminating entrapped air,

3.7 Test Procedure

The procedure for taking data is started by setting the speed
of the alternating piston motor to correspond to some desired frequency.
The variac for the mean-flow piston motor is then set to a value to give
somc desired mean flow-rate. The mean flow is then started by switching
on the gear motor. About 100 cycles is recorded on the Visicorder paper
for the data of one setting of flow and frequency. The setting of the
mean flow is then changed and the procedure is repeated,

When the frequency of the alternating flow is to be changed,
the cam which drives the alternating piston must also be changed in
order to maintain the same magnitude of alternating flow-rate, because
the alternating flow is proportional to the product of the piston
displacement and the frequency. Therefore, if the frequency ic to be

doubled, the cam displaccment must be halved. The cams are fixed by
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TABLE II

ORIFICE SPECIFICATIONS

Test - Orifice Diam., Length, Length,
No. Type inches inches diam.
2L70 F=50%% 0.0497 0.1837 3.70
7770 S.E.x 0.0518 0.0375 7.2k
78701 S.E.* 0.0518 0.1880 3,63
78702 S.E. % 0.0518 0.0319 0.62

* S.E.: Square Edge Orifice

*¥ F-50: Standard Ford Main-Metering Orifice
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TABLE III

ORIFICE TEST VARIABLES

Test Fluid Max. Max. Flows Max. Pressure Diff.
No. Temp  Freq. Mean Alt. Alt Mean  Alt. Alt,
°F cps cu.ft/hr. cu.ft/hr. Mean psi. Mean

k70 77.8-  99.7 0.85 0.49 2,54  2.45 2,44 7.80
84,2

7770 88.8-  91.7 0.85 0.52 2,04 2,42 3,90 8.30
89.2

78701 75.1- 88,0 0.80 0.50 1.65 1,95 3.18 3.80
78.9 -

78702 75.2-  90.9 0.79 0.51 1.60 3,01 2,58 1.59

5.7
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an allen-head set screw, which can be seen in Figure 15, and are easily
changed. |

The test orifices are similar to those found in carburetors
(about .050 inches in diameter) and are of different lengths as shown
in Table II. The square-edged orifices (S.E.) are made of brass, while
the F'-50 orifice is of steel. Steady flow data for the orifices is
shown in Figure lé, and it was obtained by a means independent of the
tests performed here. The data is, however, for the very same orifices,
but the method for measﬁring only the steady-flow performance was much
more accurate than the method used here. This is the data used by
Harrington (21) in his digital computer simulation of carburetor meter-
ing, and his work discusses the details of the steady=-state flow
measurements. As indicated in the figure, steady=-state coefficients
for the F-50 orifice were also taken with the oscillating=-flow test rig
for comparison to the data of Harrington. The amount of scatter indi-
cates that the accuracy with which the average flow can be measured
with the oscillating-flow test rig is about +5%.

A total of four tests were run, and the variables of the tests
are listed in Table III. About 200 data points were taken for each
orifice for various éombinations of frequency, average flow, and alter-
nating flow. The fluid used for the tests was mineral spirits, a fluid
similar to gasoline, and its properties are shown in Figure 19.

3.8 Ideal Oscillating Flow Through an Orifice

In order to gain some insight into the flow of an oscillating
fluid through an orifice, a very simple model of the flow was devised.
The information obtained from the model leads to the development of some

dimensionless variables which are needed to describe the results of the



experiments. More important, however, is that the model also gives an
idealized function which relates the dimensionless variables. There-
fore, not only are the axes determined on which to plot the data, but
also an approximation of the function which the data shoﬁld follow.

Ideal flow through an orifice is described by the equation
of motion for the orifice flow. Frictionless flow and a uniform velo-
city profile are assumed. Also, all of the fluid which oscillates is
assumed to be contained within the orifice length. These assumptions
make the solution ideal because frictional losses are not considered,
nor are the inertial forces which are caused by the oscillation of the
fluid outside the orifice length.

Consider the orifice and control volume shown in Figure 20.

The equation of motion for this control volume is written as:

d av
A(P.-P.) = L vd¥ = dv
(P, -F,) & PV PAL (3.1)
av
P)-F, = ol 3z (3.2)

The pressure tap at the upstream point, P;, will record the total

pressure which is given by the Bernoulli equation as:

Py = PL+ & (3.3)

whereas the downstream pressure tap will record the static pressure of
the jet of the fluid issuing from the orifice. Therefore, the equation

of motion can again be written as:

av
PTl'Q'g—"P2=pLa‘{ (3.1a)

or o
oV dv

AP - === poL 7¥ (3.1Db)
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where AP is the pregsure difference which would be recorded by the meter

with taps immediately upstream and downstream of the orifice, as shown

in Figure 20.

It must be noted, however, that when the flow reverses, the

pressure at tap #1 would be static pressure, and at tap #2 would be

total pressure., Equation 3.1lb then becomes:

-
AP + 5 = pL Tt

or, in general, for both cases of flow direction:

dv

V|V av
at

AP = ==

=pL

(3.1c)

(3.1d)

The flow through the orifice is oscillatory and has a mean

component and a sinusoidally varying alternating component so that it

can be expressed mathematically as follows:

Q(t) = QM + Q4 SIN (wt)
V = Q/A o

V(t) = Vy + V, SIN (wt)

av _
= - wVy COS (wt)

By substituting the above relationships, Equation 3.1d becomes:

AP(t) = aVypL COS(wt) + % (Vy + Vy SIN(wt)) [y + V, SIN (wt) |

Since;
H(t) = AP(t) /o8

Ilquation can be finally written as;

wt) = cos(wt) + 5% (Vi + Vg SIN(at)) vy + vy SIN(uit) |

g

(3.4)
(3.5)
(3.6)

(3.7)

(3.1e)

(3.8)

(3.11)



The above equation gives the instantaneous head differential
across the orifice in terms of the mean and alternating components of
sinusoidally varying flow or velocity. The equation becomes that for
steady ideal flow (Bernoulli equation) when the alternating term of the
velocity is made zZero. The equation is made dimensionlegs by dividing

2 .
it by "y /28" to form;

2g H(t) 2w Vy Va Va
= = Cos(wt) + (1 + == SIN(wt) |1 + =— SIN(wt .1
Tz T (wt) + ( T (wt) ] T (wt) | (3.1g)

Four dimensionless terms are formed which are:

1. 2gH(t)/V2M , dimensionless instantaneous head differential

2.V [y

Vs velocity ratio

3. Lw/Vy = STy, mean Strouhal Number

]

k. wt, angle in radians
Therefore, the instantaneous ideal head differential is a function of
three dimensionless groups; velocity ratio, mean Strouhal Number, and

angle, or mathematically;

2gH(t) /VM2 = £(Vg, STy, wt)

The function is represented by Equation 3.lg and contains two
terms, temporal acceleration and convective acceleration. Figure 21
shows the form of these terms for a Strouhal Number of 1.0 and a velocity
ratio of 1.5, The function is also shown as the total of the two terms
and indicates the instantaneous ideal dimensionless head differential
for an orifice. Of course, the actual dimensionless head is not the
same as the ildeal dimensionless head. Figure 22 shows the ideal
dimensionless head function for a Strouhal Number of .213 and a veloc-

ity ratio of .108. The dimensionless head is also plotted for data
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point #4 of test 2470, which has the same value of Strouhal Number

and velocity ratio., It is readily apparent from the figure that the
real head is greater than the ideal head at any instant during the cycle.
The greater instantaneous head of the real flow indicates that the ideal
analysis has not fully accounted for the forces which exist in the actual
flow. Therefore, experimental work is necessary in order to accurately
determine the flow through an orifice which has oscillating flow. The
ideal flow analysis does provide a useful guide as to what general form
the experimental results should be, and that two important parameters

for plotting the results are velocity ratio and Strouhal Number.

3.9 1Ideal Coefficient of Discharge

In order to study the influence of flow oscillations on
average flow, it is desirable to define the average value of the dimen-
sionless head function as follows:

2ghy/Vy = 28(Hmx + Huin) X .5/73 (3.9)
Making the average head as one-half the sum of the maximum and minimum
values instead of an integrated average is preferred because it is much
simpler., This is particularly true when the same averaging process is
to be done on the data for flow and pressure, for which no mathematical
function is available. However, both must be nearly sinusoidal to be
applicable to this analysis.

The average value of dimensionless head is now seen to be a

form of a mean ideal coefficient of discharge:
2 2
2gHy/T M = 1/Cpyrp (3.10)
The averaging process has eliminated time, so that the mean ideal

coefficient of discharge is only a function of the mean Strouhal Number

and the velocity ratio as given by:
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IDEAL ORIFICE COEFFICIENTS
OF DISCHARGE
FOR OSCILMLATORY FLOW

Cpurp=Vie/V2EDHy
CDAIDasVA/VZgAHA
V(t)=VM+VASIN (wt)

2gH(t)=2LwV Acos(wt)+(vM+v ,SIN (wt)) |VM+-VASIN (wt)]

H = By gy By )% 5

Hy= (B g By )%+ 5
BT\ =14/ Vy
Vg =V A/ Yy

Vp, VELOCITY RATIO

Figure 23, 1Ideal Coefficients of Discharge versus Velocity
Ratio.
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Coump = f1(8Ty Vg). (3.11)

The maximum and minimum values of the ideal instantancous head were
found from Equétion 3.1g for many combinations of flow ratio and Strouhal
Number, and the results were used to calculate the ideal coefficient of
discharge from Equation 3.9. Figure 23 shows the resulting ideal
coefficients.

Another useful number which can be derived from the dimension-
less head function is the alternating value of dimensionless head. This

is calculated by;
28H, TPy = 28(Hypy = Hyin) % -5/V2y (3.12)

This value is also a function of velocity ratio and mean Strouhal
Number. Furthermore, it can be divided by the square of the velocity
ratio to yield a new value which is still only a function of velocity

ratio and mean Strouhal Number. The quotient is given by:

2 2
(2gHy /V2)/(Va/VR)® = 2gHA/N 4. (3.13)
The alternating form of dimensionless head is now used to define the

ideal alternating coefficient of discharge;

2 2
2gHy /Vp= = 1/Cpamp (3.14)
The ideal alternating coefficient of discharge, as defined above, is a

function of the velocity ratio and the mean Strouhal Number, as given by;

Cpatp = f2(STM, VR) (3.15)
It is also represented graphically as a function of the two independent
variables in Figure 23.
Both of the independent variables used for determining the
ideal mean and alternating coefficients of discharge require knowledge

of the orifice flow versus time. However, in practice orifice flow
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will probubly not bc known, but head differencc will be known. ‘There-
forc it is desirable to rcpresent the ideal coefficients of dischargce
in terms of independent variables which contain values of head, rather
than flow. Some different dimensionless numbers, which do not contain
flow, are now defined, and used as independent variables. The first

new number, head ratio, is defined as:

2 2
Hy = (Cpygn/Cpamn)” * (VR)S = Hy/Hy (3.16)
Another useful number is the mean Strouhal Number which is based on

mean head and it is defined as;

STy = STy X Cpyrp = Lo/ ¥ 28Hy (3.17)
Tt must be emphasized that nothing new has really been added to the
analysis, since the previous dimensionless variables have been combined
only to make the functions more convenient to use. Therefore, the ideal
values of the coefficients of discharge can be also written as functions

of the new variables which are defined above;

Cpmrp =£3(STmH, HR) (3.18)

CpATD =fL(STMH, HR) (3.19)
where the independent variables in f3 and f) do not contain flow terms.
These two functions are shown in Figure 2L4.

Finally, the last number, which proves useful in examining the
alternating coefficient data, is the alternating Strouhal Number, as
defined by:

STy = L o/Vy = STy/Vg (3.20)
It is particularly useful for studying the data of these tests because

it is constant for each cam used to oscillate the flow. This is true
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e
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Figure 24, Ideal Coefficients of Discharge versus Head Ratio.
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because oscillating flow is a product of cam displacement and frequency,

therefore:
STy = L o/DISRy = L/DISP (3.21)
gince
Cpa = T(STy, Vg), and STy = STy/Vy,
then
Cpa = T(8Ty, Vg)

and for constant "STp";
Cpa = £(Vg) (3.22)
The data for alternating coefficient of each cam then follows one curve
when plotted as a function of velocity ratio. Figures 89 through 105
of Appendix B illustrate this point.

3.10 Results of Orifice Tests

The ideal orifice equations show that the coefficient of
discharge is a function of two variables; Strouhal Number and velocity
ratio. However, actual orifice flow also depends on frictional forces,
and requires the consideration of fluid viscosity and orifice geometry.
Dimensional analysis shows that the Reynolds number can be used to
account for viscous effects. Geometry is also an important influence
on the flow; hence, it must be considered by including the dimension-
less geometrical variables., The number of these variables depends upon
the complexity of the geometry, and for the tests performed here only
one, L/D, was used. Therefore, the functions, which are used to

represent the experimental results are as follows:

Cpym = f1 (Vg,STy,Re,L/D) (3.23)

1l

Cpm f2(HR:STM:Re:L/D) (3~24)
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Cpa = f5 (Vg,ST,) (3.25)

f), (Hg,STy) (3.26)

Cpa

Figures 25 through 32 show the mean coefficient of discharge data as
represented by the first two functions for four different orifices:

the F-50 main orifice, and three square-edged orifices.

Figures 25 and 26 show the results of pulsation on the coef-
ficient of discharge for a typical main metering orifice., It is immedi-
ately apparent that the influence of the pulsation is to increase the
flow if the flow ratio is small (0-.3). This phenomenon has also been
noted by Mosely (10) and Zarek (14), and is illustrated by both figures.
However, the ideal flow analysis does not predict this phenomenon.
Compared to steady flow, slight pulsations diminish the viscous losses,
which are not included for the ideal flow, and cause a slightly larger
coefticient of discharge. However, as the flow ratio is increased, the
influence of the inertia of the oscillating flow becomes evident, which
is predicted by the ideal equation., At flow ratios greater than .3,
the curves are similar to the idealized curves for which friction is
neglected. It is also interesting to note that the coefficient of
discharge is substantially influenced by the Reynolds Number, The
Strouhal Number lies within a small range (0-.6) so that its affect
is minimal for this data.

Figures 27 and 28 show similar data which is plotted for a
very short, square-edged orifice. 1In contrast to the data for the

main orifice, the Reynolds Number has little influence on the
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MEAN COEFFICIENT OF DISCHARGE

VERSUS
HEAD RATIO
TEST 2470

STROUHAL NUMBERS= 0-0,6

ORIFICE F-50
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TEMP 77.8-84,2 °F
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Iigure 26. Coefficient of Discharge versus Head Ratio,
F-50 Orifice.
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cocfficient for the very short orifice. This is similar to coefficient
data for short orifices under steady flow in that little change in the
coefficient is measured for Reynolds numbers greater than 2000, However
again, an increase in the coefficient is seen to occur at small velocity
ratios. The Strouhal Number for this orifice is also within a small
range (0-.238) which minimizes its influence.

Figures 29 and 30 show data for a square orifice which has an
L/D nearly equal to that of the main metering orifice (data of Figures
25 and 26). The influence of the Reynolds number is not as pronounced
as it is for the main orifice, but it is greater than that of the very
short orifice (data of Figures 27 and 28). The greatest affect of
Reynolds number is seen to occur at a value of about 1000, and Reynolds
numbers greater than 2000 show little influence on the coefficient.
Again, the Strouhal number is small, which minimizes its affect.

Figures 31 and 32 show the data for a long orifice
(L/D = 7.24). For the range of independent variables shown, the coef-
ficient of discharge varies very little. The flow oscillation (Figure
31) and the head pulsation (Figure 32) show almost no affect. Also, the
data indicates that the influence of the Reynolds number is also almost
constant. It i1s also interesting to note that the Strouhal number
range is considerably larger (0-2.3) for this data than for the data of
the shorter orifices owing to its dependence upon length. This may
partially be the reason for the relative flatness of the curves since
the ideal analysis showed that large Strouhal numbers decrease the
influence of pulsations on average flow.

The increase in coefficient of discharge can now be related

to the test data of Chapter II, which shows that the fuel air ratio is
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greater when the carburetor is functioning on an engine with pulsations
than when it is operated under steady flow conditions. Figure 33 shows
the percent increase of fuel/air ratio for the engine test of Chapter II
as compared to the steady bench test of the same carburetor. It is
plotted as a function of head ratio which was measured across the main
metering orifice during the engine tests. PSimilar data from the orifice
tests 1s also plotted as a percent increase in the coefficient of dis-
charge for oscillating flow over steady flow as determincd experiment-
ally. As can be seen, the influence of the pressure pulsations on the
orifice metering characteristics accounts for the difference between
fuel/air ratio for the carburetor on an engine and on a test bench.

This is due to the increase in the average flow through the main meter-
ing orifice which is caused by slight flow oscillations.

Experimental results for the alternating coefficient of
discharge, as defined by Equation 3.14%, are shown in Figures 34 through
39. It must be emphasized that this data is for the same test runs as
the time-average floﬁ results in the preceding section., However, now
the relationship of oscillating flow to oscillating pressure difference
is being investigated rather than the relationship of the average values
of flow and pressure. This relationship has been defined as the alter-
nating coefficient of discharge, and is given as:

Cpa = Va/ V2gAH,

The alternating coefficient of discharge is shown as a function
of flow ratio and alternating Strouhal number or head ratio and alter-
nating Strouhal number. The curves for the main orifice (Figures 3k

and 35) and the curves for the very short square-edged orifice (Figures



36 and 37) are unique. That is, they cannot be plotted together as was
the data for the medium and long square-edged orifices, as shown by
Figures 38 and 39. The alternating Strouhal Number accounted very well
for the influence of orifice length on the fluctuating flow for med.ium
and long orifices. However, the data for the main orificc and short
square~edged orifice could not be plotted in Figures 38 and 39 and give
results consistent with the orifices of medium lengths.

The experimental data for the alternating coefficient of dis-
charge shows that it is always less than or equal to the ideal value of
alternating coefficient. At low velocity ratios, the ideal alternating
coefficient is very nearly equal to the experimental value for all four
orifices. At velocity ratios greater than 0.1 the experimental values
are less than the ideal values. The amount of this difference is depen-
dent upon the orifice, the velocity ratio, and the Strouhal Number.

It must be noted that the variation in Rcynolds.number was
obtained for these tests only by varying the average flow, and that the
viscosity of the fluid never appreciably changed. Therefore, the results
should only be applied to orifices with fluids of similar viscosity
to mineral spirits. Also, the diameters of all four orifices were nearly
nearly equal (.050 inch) so that orifices which are much larger, or much
much smaller, may not give the same results, even though they may be
geometrically similar (same L/D). The waveform of the flow oscillation
and the pressure pulsation was always nearly sinusoidal. No attempt
was made to investigate the influence of different wave shape on the
time-average flow. Study of these limitations is a worthwhile topic

for further investigation.
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Any fﬁrther experimental study of orifice flow with oscilla-
tions should be done with control over the dimensionless numbers. For
the experiments done here, no attempt was made to maintain any indepen-
dent dimensionless variable at a constant value. That is, in the test
procedure, when the mean flow was changed, three dimensionless numbers,
Re, Sp, and Vg, also changed. It would, therefore, be advisable for
future tests to be able to vary only one dimensionless number in order
to generate the test curves. Much of the scatter in the present data
could have been eliminated if this had been done.

The data for the mean coefficient and the alternating coef-
ficient provides a method for calculating the instanténeous flow from
pressure measurements in the following way.

From Equation 3.k
Qt) = Qy + Qq SIN (at) (3.4)

From the definition of the mean coefficient;

Q = Cpu A28Aty (3.27)
and from the definition of the alternating coefficient

Qy = Cpa A 2gAH, (3.24)
Therefore, the instantaneous flow is given as:

Q(t) = A (Cpyveeaty + Cpa v 2eAH,) (3.29)
The two coefficients can be found in the experimental data of Figures 25
through 39. ZEquation 3.29 gives the instantaneous flow from vélues of
mean and alternating head difference, both of which can be easily

measured.
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3.11 Conclusions to Orifice Tests

1. The time-average flow of incompressible fluid through
a small orifice can be related to the time-average head difference by

a mean coefficient of discharge as given by:

Ui

Cpy = 28hHy

2. The coefficient of discharge for time-average flow through
a small orifice is a function of three dimensionless variables:

1) Velocity ratio, 2) Strouhal number, and 3) Reynolds number.

3. The influence of the velocity ratio can either cause the
coefficient to be greater or less than that for steady-state flow.

Small velocity ratios cause a greater coefficient with a ﬁaximum occur=-
ring at velocity ratios of 0.12 to 0.16. At velocity ratios below this
range, the coefficient tends toward the steady-state value. At velocity
ratios greater than this range, the coefficient decreases as velocity
ratio is increased.

Lk, The influence of the Strouhal number on the coefficient
of discharge depends greatly upon the velocity ratio. At velocity
ratios less than 0.5, its influence is negligible but it becomes notice-
able at velocity ratios which are greater than 0.5. An increase in the
Strouhal number increases the time-average flow.

5. The influence of the Reynolds number on the average flow
is very similar to its influence upon steady flow without oscillations.
In general, an increase in the Reynolds number increases the mean coef-
ficient of discharge. The Reynolds number has its greatest influence

upon the flow of the main metering orifice and the sqparé orifice of



L/D equal to 3.63. The influence of it upon the coefficient of the long
and short square edged orifices is negligible.

6. The coefficient of discharge for time-average flow is also
a function of head ratio, Strouhal number based upon head, and Reynolds
number, The influences of each of these new variables is similar to
those of velocity ratio and Strouhal number. The maximum value of
coefficient occurs at a head ratio of 0.2 to 0.25,

7. The coefficient of discharge for the long orifice
(L/D = 7.24) is not substantially influenced by pressure pulsation and
flow oscillation. The greatest influence of flow oscillation on average
flow occurs for the short orifice (L/D = 0.6) and for the main metering
orifice (L/D = 3.6%).

8. The alternating flow of an incompressible fluid through
a small orifice can be related to the alternating head difference by an

alternating coefficient of discharge as given by:
v VA

Cpa = V2enH,
9. The coefficient of discharge for the alternating component
of flow through a small orifice is a function of two dimensionless

numbers:
1. alternating Strouhal number and

2. velocity ratio.

10, An increase in the velocity ratio causes an increase in
the alternating coefficient of discharge for alternating Strouhal num-
bers less than 3.5. Above 3.5, the curve of alternating coefficient
versus velocity ratio is maximum at a velocity ratio of about 0.k.

11, An increase in the alternating Strouhal number decreases

the alternating coefficient of discharge.
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12. The alternating coefficient of discharge is also a function
of head ratio, and the curves are very similar to those plotted as a
function of velocity ratio. However, no maximums occur in the curves
of alternating coefficient as a function of head ratio.

13. The alternating Strouhal number accounts for the influence
of length and frequency very well for square orifices which have L/D
between 3.5 and 7.24. An increase in the alternating Strouhal number,
which is caused by an increase in length or an increase in frequency of
oscillation, will cause the same change in alternating coefficient.
However, this is not true for very short orifices, or orifices of com-

plex shape.



CHAPTER IV

SIMULATION OF FUEL METERING NETWORKS

4,1 Reasons for Simulation

Carburetors have been in use on automobiles for many years,
so a logical question is: '"Why make a detailed study of something that
has been working satisfactorily for over half a century?" The answer
lies in the fact that today's problems of air pollution and dwindling
resources require further understanding of how best to use our resources.
Specifically, in the case of carburetion, this means developing better
techniques for understanding the metering process so that the internal
combustion engine can be made more efficient, Until now, practically
all carburetor study has been done by cut-and-try experimentation
methods, Now, the digital computer allows a much more detailed theo-
retical study of the metering process than ever before possible. All
that is required is that the proper techniques for using the computer
to calculate fuel flow be developed.

Even though this study is directed specifically toward car-
buretors and the fuel metering process, the possibility of so-called
"spin-off" benefits also exists. Many fluid flow problems involve
flow through networks of pipes. For example, the water distribution
system and sewage disposal system of a city is a very complex network
of pipes. Also, many chemical processes require the accurate metering
and mixing of different fluid components in order to produce a desirable
product. Even the human circulatory system can be described as a fluid
network with oscillating flow. Therefore, the possibility exists that

some of the technology developed herein can have wide spread applications.
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4,2 The Typical Air-Bleed Carburetor

The fuel metering system of a carburetor is & very complex
network of interconnecting tubes and orifices. Fuel enters the network
at atmospheric pressure from a float bowl, or reservoir as shown in
Figure 40, and flows towards the venturis where it enters the low-
pressure stream of engine intake-air. Each carburetor, depending on
manufacturer, has its own flow scheme, which will include several points
where the fuel enters the intake air. The typical metering network
also includes several points where ambient air can enter the fuel flow,
which creates a two-phase mixture of air and fuel. The points at which
air enters are called air bleeds, and the amount of air which is in the
metering network is called bleed air, which distinguishes it from intake-
air. TFigure 40 illustrates the flow scheme of fuel and air in the
metering network of a simplified version of a carburetor.

An actual carburetor contains many more elements (about 50)
in its metering scheme than the simple carburetor of Figure 40. There-
fore, analysis of the fuel flow in the various elements is nearly an
impossible task if it is to be done by hand calculations. This is
especially true if the effects of flow oscillations, viscosity, and the
mixing of air and fuel are to be considered. Therefore, any detailed
analysis of carburetor metering requires the use of a computer. This
will require the translation of the metering network into an algorithm
which can be manipulated by the computer. The technique of making such
a transformation and its results comprises the subject of this chapter.

4,3 Previous Work

In the past, the carburetor has been greatly studied. Most of

the work on carburetor research has been of a purely experimental nature,
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and any theoretical analysis has contained so many simplifing assump-
tions as to make the results very questionable., Such simplification was
necessary in order to limit the mathematics enough to allow a solution
by hand calculations., However, the great speed and large storage
capacity of the digital computer now allows the analysis of the car-
buretor in much greater detail.

Recently, Harrington (20) used the computer to do a compre-
hensive analysis of carburetor operation. His analysis included the
interacting influences of the carburetor, engine, and vehicle at a
certain steady condition of engine speed and load. In order to accom-
plish this, he had to simulate the carburetor metering network, the
carburetor venturi system and throttle plate, the intake manifold, the
engine, and the vehicle, However, for his metering network analysis,
he assumed steady flow, and the analysis was restricted to one metering
network. Therefore, a logical extension of his effort is t¢ include the
effects of flow oscillation as caused by pressure pulsations which exist
in the venturis, and to make the simulation general enough to allow
analysis of any metering network. This is the task which has been
undertaken here,

The feasibility of modeling transient flow in carburetors was
demonstrated by Oyama, Tejima, and Hosho (27) in their investigation
of the influence of bleed air on fuel-discharge lag-time. They showed
that the transient flow of a mixture of air and gasoline in the emulsion
tube can be accurately approximated by single-phase flow which has the
same volume-weighted density. Their flow schematic does not contain
the idle system and the air is considered to be incompressible, but the

results compare very well with experimental results, However, they do



not apply their technique to solving steady oscillatory flow, nor is
their method general enough to be applicable to any carburetor flow-
network.

Although very few have applied computer solution techniques
to carburetors, many have studied methods for solving transient flow
in pipe lines and in piping networks. The most common method is the
method of characteristics as discussed by Streeter (37), (38), (39),
or Benson (31), (32), and many others, This methods involves knowledge
of the wavespeed of the pressure pulse, which makes its use in carbu-
retor problems difficult because the wavespeed is not accurately known,
especially in the channels which contain a mixture of gasoline and air.

Another method of solving steady oscillatory flow in a pipe
is the impedance method, as shown by Streeter (38). It is a very eco-
nomical method, since the steady oscillatory solution is provided imme-
diately, and no computer time is needed in calculating an initial tran-
sient in order to reach the steady oscillatory solution. This method
requires the linearization of the governing equations, which 1limits the
solution to small amplitudes of flow oscillation with large average
flow. 1In other words, flow reversal cannot take place. Unfortunately,
flow reversal does take place in the carburetor metering network, which
makes the impedance method unsuitable for studying carburetors. However,
in a most recent work by Yow (43), an impedance method has been de-
veloped which can have flow reversal. In future study of steady oscil-

latory flow in carburetors, this method must be considered.
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The method ultimately used here to calculate the unsteady flow
in the fuel channels is a finite difference solution based upon a spa-
cially lumped formulation., The formulation is modified to account for
compression of any gas phase (bleed air) which may be contained in each
of the metering chamnels. The method requires the assumption of linear
density distribution in space, but it does not require knowledge of the
pressure-pulse wavespeed. The details of this linear~density method
will be discussed later in this chapter.

4,k Objectives of Simulation

In general, the major objective of the simulation is to pro-
vide detailed flow analysis of the metering network. The pressure must
be supplied at each point of the network where fuel or air enters or
leaves, and the results will contain the flow at each of these points.
This will be done for both steady pressures, and pressures as a function
of time. Consequently, the results will contain both steady flow values
and transient flow values.

Since bleed-air and fuel enter and mix in the fluid network,
the flow which leaves the network is a mixture of bleed-air and fuel.
This complicates the mass-flow balance in that two species of flow must
be balanced, as well as the entire flow. The simulation therefore,
must also account for the fraction of air in the total flow on a mass
basis (termed quality) and on a volume basis (termed volume quality).

Even though many manufacturers use an air-bleed type of car-
buretor, many different fuel metering schemes do exist. Also, designers
are anxious to try to improve the métering characteristics of their
carburetor by modifying its metering network. Such modifications might

include merely changing the dimensions of some of thc clcments



(i.e. perhaps an extra off-idle port). The effect of such modifications
on the metering characteristics has usually been determined by building
a prototype, and testing it., This becomes a very time consuming process,
especially if many different alternatives are to be investigated. There-~
fore, another goal of this study is to provide a technique which can be
used to analyze any fuel metering scheme, This means the fuel metering
scheme must be represented in the input data required by the simulation
program, and not built into the simulation program.

To summarize the objectives, given the network configuration
and the pressure forces at its boundaries, the simulation program will
provide the time=-steady mass flow, the transient mass flow, and the
fraction of air contained by the flow.

4,5 oOverall Solution Plan

The problem of completing the objectives requires that the task
be logically separated into smaller tasks, and that a method of solu-
tion for each smaller task be found separately. Fach of the separate
solutions can then be combined to achieve the simulation of the meter-
ing network.

In order to ultimately achieve a transient solution to pipe
flow, & good steady-state solution is required. The steady state solu-
tion will establish the initial conditions of pressure and flow for the
transient solution, the friction factors for the transient solution,
and quality, or fraction of air, in the flow., Therefore, the first
major step of the overall solution plan is to solve the steady flows
and pressures of the metering network.

Once a steady-state solution has been obtained, the transient

solution can be performed, It will provide the pressures as a function
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of time at each interior junction as well as the transient flow in the
metering elements and at the boundary points. It will provide the
dimensionless head ratios for each orifice so that the influence of the
flow oscillations on the friction factors of the various orifices can
be evaluated from the data of Chapter III., The steady state solution,
with the new friction factors, can then again be used to find the time-
average flow under the influence of pressure pulsation.

4,6 Describing the Fuel Metering Network

In order to apply the laws of continuity and motion to a fluid
metering network, it must be systematically divided into subsections,
or flow elements about which detailed general knowledge of the flow
characteristics are known. These flow elements in the carburetor, for
example, would include the metering orifices and inter-connecting tubes.
The flow elements, then comprise the fluid network by being joined to
one another at junction points, or junctions.

A mathematical model of the carburetor is then created by
first describing the flow in the individual fluid elements with the
equations of motion and continuity. The elemental equations are then
related to one another by continuity at each junction, and the system
of simultaneous equations which results is used to simulate the entire
metering network. The accuracy of the simulation then depends upon the
accuracy of the information about the flow characteristics of the
elements

Three types of elements were used to describe the network:

1) pipe, 2) square edged orifices, and 3) main metering orifices. Fach
element is assumed to have constant area; therefore, its dimensions can

be described by one length and one diameter.



The orientation in space of each element is specified in
terms of direction cosines., This requires that one end of the element
be designated as fhe origin point or origin junction for that element
in order to determine the positive direction of the orientation. This
assumed positive direction is used in the flow equations to maintain the
proper sign of the flow.

The points at which the elements are connected to form the
metering network are called junctions. Three types of junctions are
needed to specify the network which are: 1) interior junctions, 2) boun-
dary junctions exposed to fuel, and 3) boundary junctions exposed to
air, 1In the computer program, continuity is satisfied at each interior
Junction, and boundary conditions of pressure are required as input data
at each boundary Jjunction. The number of elements which join together
at each junction are required for each interior junction in order use
the continuity relationship. Also, the number of elements which connect
the boundary junction to the reference junction are needed in order to use
use the boundary conditions in the steady-~state solution. The reference
“junction is one boundary junction which is taken at zero head. For
this simulation the float bowl, where the fuel enters the main channel,
is always taken as the reference junction.

In order to specify the fluid network to the computer, the
elements and junctions must be given consecutive numbers, This is
done by starting with "1" at the float bowl, and consecutively num-
bering the junctions. The elements are then also numbered consecu-
tively by starting with one., The integer numbers given to each junction
and element are then used to férm a sequence of integers which describes

the entire flow network to the simulation program,
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At this'point, an example of a simple network will help clarify
the method of describing the fluid network., Figure 41 shows a simple
fluid nctwork orlﬁ clements and 6 junctions, The reference Junction i
Junction #1, the boundary junctions are 1, 4, and 6, and the interior
Junctions are 2, 3, and 5. The scheme of specifying the sequence which
represents the fuel network is developed by considering each junction.
For each junction, a portion of the sequence is written, and the rule
used to create its portion depends upon the type of junction. For an
interior junction type, such as junction #2, the sequence rule is as

follows:

Junction number [(element, junction at other end of the
' element)] repeated for each element
attached to junction.
or for junctioﬁ #e
2, 1, 1, L4, 6, 5,5, 2,3
For a boundary junction, such as junction number 6, the sequence rule
is as follows:
Junction number, (element, junction)
along path from Ref.
Jjunction
or for junction number 6:
6, 1, 2, 4, 6
However, some boundarj Junctions have more than one path which connects
them to the reference junction, such as junction number 4, In this
case, a sequence must be written for each path as follows:
4, 1,2, 2,3, 3,4,
7, 1, 2, 5,5, 6,3, 3,4

Notice that the second sequence does not start with a junction number

(there are only six junctions). The numbers which begin these portions
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of the sequence to represent the second and succeeding paths for boun-
dary junctions start at the number of junctions plus 1, in this case
6 + 1. Finally, the entire sequence which represents the simple network
is as follows:
X=1,1, 2,

2, 1, 1, 4, 6, 5, 5, 2, 3,

3, 2,2, 6,5, 3,k

L, 1, 2, 2, 3, 3, 4,

5, 55 2, 6, 3,

6, 1, 2, 4, 6,

7, 1, 2, 5,5, 6, 3, 3, L
Notice that junction #1, the reference junction, does not follow the
sequence rules, because it has no path to itself, since it is the refer-
ence junction. ILines 2 through 7 contain the information which is
necessary to describe the network to the simulation program.

0f course, information about the dimensions of the elements,

length and diameter or L and D, are also required by the simulation.
The total number of elements, NELS, is also required, which is 6 for
the case of the simple network. The direction cosines, CS, for each
element are given by picking a fixed set of reference coordinates,
picking a positive element direction, and then by giving the cosines
in the positive direction in reference to the fixed coordinate frame.
The positive element direction is defined by specifying one end of the
element as the origin junction. The positive direction is then away
from this end. Figure 42 illustrates the direction cosines for one
element, and the origin junctions and direction cosines for the simple

network are:
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JO l) 2} 3’ 2’ 27 5

¢s = 0,1,0, 0,1,0, 0,1,0, 0,1,0, 0,1,0, 0,1,0,

The number of elements of each junction (NL) is also needed,
as well as the element type (LT). For the simple network of Figure L1,
the number of elements is given as:

NL =1, 4, 3, 3, 2, 2, 4, and
the element types are given as:

LT =6 % 0

The integer code used to describe the element types is as follows:

LT = O: pipe
IT = 1: main orifice
LT = 2: square edged orifice,

The element type is used for the friction factor, and a larger number
of element types could be used as soon as detailed information about
their pressure versus flow characteristics are known.

The junction type (JT) is also needed so that the simulation
can treat each junction as a boundary point exposed to air or fuel,
or an interior junction. The following sequence supplies the informa-
tion about the six junctions of the simple network:

JT = 1,0,0,2,2,0,2,
where

JT = 0: interior junction

JT

1l

1l: boundary junction exposed to fuel

JT

1l

2: boundary junction exposed to air
Parameters needed for a Solution
The steady=-state solution technique requires that an initial

guess be made for the quality (RJ) at each junction, for the friction
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factor of each element (FT) and for the pressure at each junction. Of
course, the values used at the boundary junctions are not guesses, but
known values. The following values are used for one solution of steady

flow in the simple network:

RJ = 0.,2%,05,1.,1.,.05,
FT = 6%.5
PT = 15.,14.,13.,12,,15.,13.5

Some additional flow parameters are also needed, which are
the direction of gravity (C8G, in terms of three direction cosines)
the magnitude of gravity (G), the fluid temperature (T), and the fluid
(NFLU). For the’simple network, the following values are given:
Cs3G = 0.,-1.,0., G =32,2
T =75.,, NFLU = 1
The parameters NFLU and T are used to atain the fluid proper-
ties of viscosity and specific gravity. The fluid number, NFLU, corre-
sponds to a certain fuel for which the properties, as a function of
temperature, are known. See the listing in Appendix C of SUBROUTINE
FPROP for all of the fluids which are available for this simulation.
The entire data set, which is used for a steady-state solution
of the simple network of Figure 41 is now given as
X =1,1,2
é,l,l,u,6,5,5,2,3,
3,2,2,6,5,3,4,
4,1,2,2,3,3,4,
5,5,2,0,3,
6,1,2,4,6,

7,1,2,5,5,6,3,3,k4,
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D = 6%,1,
L = 6%1.,
NELS = 6,

¢s = o.,1.,0.,0.,1.,0.,0.,1.,0.,
o.,1.,0.,0.,1.,0.,0.,1.,0.,

Jr = 1,0,0,2,2,0,2,

NL = 1,4,3,3,2,2,L,

LT = 6%0,

Jo = 1;2,3,2,2,6,

RJ = 0.,2%.,05,1.,1.,.05,

FT = 6%.5,

PT = 15.,1%.,13.,12,,15.,13.5,

0S¢ = 0.,-1.,0., G = 32.2, T = 75., NFLU = 1

G = 32.2,
T = 75-:
NFIU = 1

4.7 Basic Assumptions

Fach element of the carburetor, which may contain air, fuel,
or a mixture of the two, is assumed to have constant dimensions. Its
length and diameter are fixed. Hence, its cross-sectional area is also
constant. The proportion of air and fuel, which flows through it, is
also constant, and the density of the fluid varies linearly along the
element length., The proportion of the flow which is air, is assumed to
have a density which is isothermally dependent upon pressure, and no

fuel vaporization or condensation is allowed.
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The elements are assumed to be connected by volume less junctions
or points. Therefore, these points cannot contain any mass or accumulate
any mass, nor can they cause any frictional force, Perfect mixing of
bleed air and fuel is also assumed to occur at each interior junction.

This means that the fraction of air is equal in all the elements con-
nected to one junction for which the flow is away from the junction.

This is best illustrated by the following simple example:

Fuel, 50% Air
1 LB/HR \\\\\\\\‘

' 50% Air
air,. /”’,/’/)V
1 1B/HR 50% Air

The fraction of air is assumed to remain constant for the
transient solution.

4,8 Steady State Flow

Harrington (20) showed that the assumption that flow is
proportional to the square root of the pressure drop is appropriate
for steady flow in carburetor channels. A flow conveyance factor, R,

can be introduced to create the following equation for each element:

where:
Conlinuity is written for each interior junction as follows:

NP NL
Z m = 0 = Z REL \/-APEL (4.2)
1

EL =1
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The pressure drop between junction #1 and each boundary junction is

written as follows for each path between 1 and j:

NL

El=1

A set of equations is, therefore, obtained which describes the pressure
drops of the network.

Since the equations are non-linear, an iterative solution

is used to solve the system of equations. The equations are rewritten

as follows:
NL
o z . Interior Junction
> EL*EL ; Equation (4.2a)
EL=1
NL
;ﬂ Boundary Junction
DPy = /) Xgp *mL Equation (L.2b)
EL=1
where
Xpr = \DKPEL 5 independent variable (4.4)
XEL = JZQ}HJ, from previous solution, specified

initially to get solution started. (4.ka)

(4.5)

For the simple network, the system of equations which results
by using the information of the X vector to determine which elements

connect to which junctions is as follows:
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0=R; Jap, F—Rg Nap, 0 -Ry Jlma+ -Rg J?XP5 +0

0=0 +Rp N, AP>  -Rz N AP +0 +0 +Rg Ve AP
B), ~P1=AP; +APy +APs +0 +0 +0

0=0 +0 +0 +0 +Rs VAPs  -Rg VAP
P4-P1=AP +0 +0 +AP), +0 +0
Py -P1=APy +0 +APz +0 +APs +APg

The solution of this system of equations will then give the pressure
difference for each element.

Solution Technique, Steady State

Initially, a guess is made for each element pressure drop,
and the sqﬁare root of the guess is used as a coefficient in the
boundary Jjunction equations. The coefficient of the terms in the
interior junction equations are the conductances which relate flow to
the square root of pressure drop for each of the adjoining elements.

The values of "xpp" are found by solving the system of equa-
tions with subroutine DGELG in the scilentific subroutine package
(*SSP). The values are compared to the previous values, and the
iterative process is terminated if the difference is small (less
than TOLP). Otherwise the process continues by selecting new values
of XEL according to: 1/2

(Xgp)wmw = (¥gr, *gr) (1.6)
and solving the system of equations again for the values of XgL,

Next, from Equation 4.1, the flow through each of the ele-

ments is calculated according to:

m = (Rg,) (%gp)- (4.1a)
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The flow out of each boundary junction is equal to the flow of the
element which leads to the junction, since each boundary is joined

by only one element.

The pressure gradeline at each junction is then calculated
from the pressure drops. This is accomplished by adding the pressure
drop for each element in the sequence specified for the boundary
junction equations. This is illustrated as follows:

© 6 & O
(o, O O O- O

1 2 3 N 6

Pr = P + APy Pqis known

P5 = P + AP AP's were previously calculated
B, = P5 + AEB

P5 = B, + AB),

The pressure loss due to changes in elevation is calculated from the
density of each element and the change in elevation for each element.

The change in elevation is found by the formula:

DZ = L *¥ COS @ * G. _ (4.7)
where ‘

L = element length

® = angle between element and acceleration, G

G = magnitude of acceleration, normally 32,2 ft/sec.2

Therefore, the pressure difference due to changes in elevation for an
element is:

DPZ = RHO * DZ (4.8)
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The pressure due to elevation for each junction is then calculated the

same as the pressure gradeline

PZp = PZy + DPZ;

PZ5 = PZp + DPZy, or, in general
j=1

PZ; =j{1 PZ; (4.9)
i=1

PZl is known reference, usually O,
The total pressuré at each junction is then easily obtained as follows:

PT = PG - PZ (4.10)

4,9 Fraction of Air: Quality

As mentioned previously, some of the elements contain bleed
air, some contain fuel, and some contain a mixture of the two. Since
the fluid properties are based on a weighted value according to the
percentage of air in the total flow, or quality, this quantity for each
element and each junction must be known for the steady-state solution.
Initially, the values are guessed, but calculations of steady flow are
used to calculate the values of quality for successive iterations for
the steady-state solution.

The quality of a junction, Qj’ is defined as the mass flow
of air into the junction divided by the total mass flow into the

Junction:

Q: = &  LB/HR air (1.11)
J .
My LB/HR total flow

Perfect mixing is assumed, which means:

S E: o= }: Q @ (4.12)
N

IN
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where Qi is the quality of the junctions at the other ends of the
elements which have flow towards junction J. A system of linear

equations results by writing the above equation for each interior

junction as follows:

w25 [0 o [T |ppun

IN IN Junction IN Points
4,122

The right-hand side may be zero if all junctions from which
fluid is flowing toward J are interior junctions. A simple example

will clarify the method of solution as shown below.

=1
l ATR, 1 LB/HR
Q=0
o O -0 0
— Jl Jo
FUEL,
1 LB/HR
Qg (1+1) -0 = 0(1) + (1)(1)
QJ2 (2) -Q (2) =0
So:
QJl = 0.5
QJ2 = 0-5

The flow at Jq and Jo is 50% air by mass. Subroutine QUAL contains

the programming for the solution of quality.
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4,10 Friction Factors

Harrington (20) gives a very complete discussion of friction
factors for stéady flow. For the simulation performed here, the forces
which are due to friction were assumed to be one of three types:

1. Wall friction factor, F,

a, pipe flow (LT = O)

b, main orifice flow (LT = 1)

c. Square orifice flow (LT = 2)
2. area change factor, Fj,

3. bend loss factor, Fg.

As shown, the wall friction is divided into three catagories. If the
element type is an orifice, the area change loss factor is already
included in the coefficient of discharge. Also, area change factors
are not included when more than two elements join at a junction. Bend
loss factors are not included if the element is an orifice.

The total friction factor, Fp is taken as:

FT = YA + FB+F,
and this is the factor which is used in the steady and transient flow
equations to give the frictional force when multiplied by the square
of the velocity. Subroutine FRIC is the part of the simulation which
provides the friction factors.

Pipe Friction Factor: Elements which are too long to be
considered as orifices are modeled by using the Moody friction factors
for smooth pipe, as shown by Streeter (36). The Reynolds number is
required to obtain the friction factor, and it is easily calculated
from the flow, element dimensions and fluid properties. In the case

of two-phase-flow, the pipe friction factor was multiplied by 4.5,
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as suggested by Harrington (20). The factor of 4.5 is based on empirical
data for the Ford carburetor used in this study; consequently, it may

be different for other flow configurations. Frictional forces for two-
phase-flow are not well studied and more work on this topic should be
performed,

Orifice Friction Factor: As previously mentioned, the main
metering orifice and other square orifices are the flow controlling
elements in the fuel metering network. Consequently, orifice friction
factors, or conversely, coefficients of discharge must be aﬁcurately
known. This was the motivation for the study in Chapter IiI, the study
of the influence of flow oscillation on the flow through small metering
orifices. Harrington (20) used empirical data for the coefficients
as follows:

Cq = £ (Re, L/D)
However, the study of Chapter IIT showed that the effect of flow
oscillation on the flow cocflicient can be accounted for by head
ratio, HR, as follows:

Cq = £ (Re, L/D, HR)
Empirical values of the coefficients of discharge are storéd in
SUBROUTINES CDMEAN and CDSQ. CDMEAN contains the data for the F-50
main orifice and CDSQ contains the data for the square-edged orifices.
This empirical data of Appendix B is curve-fitted for Reynolds
Number, and then parabolically interpolated for its dependence upon
L/D and head ratio.

Area Change Factors: When only two elements join at a junc-

tion, usually they are of different diameters. The resulting areq
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change adds to the frictional losses of the network, and are accounted

for in the followihg way :

I

Ay Ap  — FLOW ARFA INCREASE

1 FOR ELEMENT #2
I

Aq As — FLOW ARFA DECREASE
_—J——— FOR ELEMENT #2

Harrington (21) gives the formulas used in this simulation to account
for area changes.

Bend Loss Factors: A bend loss factor occurs when two ele-
ments are not aligned on a common axis, or when three elements form a
tee section., Empirical data is used for these factors and the equations
are well documented by Harrington (20). The loss which occurs for two
elements is given'as a function of the angle between them. This was
easily calculated in the simulation from the direction cosines of the
adjoining elements as follows:

COSe = COSa COSap + COSB COSBp + COSy COSyo

where 6 is the angle between the directed elements. The loss for tee
sections was given only for 90° tee sections, and was neglected in
the simulation for tee sections other than 90°.

4,11 Results of Steady-State Flow Simulation of a Simple Network

Table IV shows the steady-flow results which were obtained
from the simple network example of the preceding discussion. Notice
that data is represented for two major catagories, junctions and ele-
ments. The pressures of the junctions are given as well as the flows.
The sign of the flow 1s minus for flow into the network, and, of course,

the flow for each interior junction is zero. For the elements, the
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dimensions are given in inches as well as the pressure loss and the
flows of air and fuel. The sign of the flow for each element depends
upon the chosen positive direction for each element. Plus flow is

away for the chosen origin junction, JO. The sign of the pressurc drop
follows the same rule. Some unbalance of éontinuity can be noted

due to the iteraﬁive nature of the solution.

4.12 Solution of Transient Flow: Linear Density Method

Harrington (20) and Hosho (22) have both observed, with high
speed movies, the transient nature of the fluid flow out of the car-
buretor for an engine at a steady load and speed condition. The causc
of this transient behavior can be divided into two main phenomena:
that which occurs due to the pulsating nature of the pressure at the
venturi and that which occurs due to the "slugging" of fuel in the
fuel-air mixture which exists in the metering channels. Hosho claims
that the later phenomenon is the only cause of transient fuel flow.
However, the experimental studies of Chapter II showed that at wide
open throttle and low engine speed, the former phenomenon is predomi-
nant. IFor this study, the mixture of air and fuel is assumed to be
homogeneous, and the fluid properties are based on a weighted average
of the two constituents. Therefore, the work that follows only con-
siders the influence of the pressure pulsation at the venturis on the
oscillations of the flow, and not the influence pulsations caused by
slugging of two-phase-flow.

The procedure developed is very similar to that for steady
flow: that is, each individual element is described by the equations
of motion and continuity, and then the equations are related by

continuity at the interior junctions to form a system of simultaneous
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equations. The X vector is used to specify how the equations are to be
related and the solution of the system of equations at successive points
in time generates the transient solution under the action of the pre-
scribed boundary conditions (venturi, air bleed and float bowl pressures).

Transient Flow in an Element: Linear Density

Figure 43 shows the control volume used to analyze a flow
element. Continuity is written for the control volume, which utilizes

the agsumption that the density varies linearly along the element

length.
%; (pV) = - %E 0 | (4.13)
p=py +pg X (k.14)
> 9 do .
—a—‘g:—%-l- + a-_.t—ix = pl+pSX (4.15)
X X
fa(pv) = -Gf (by + Dgx) dx (4.16)
(0]
[] L] X2
(?V)x - (QV)l ==bx - b = (4.16a)
or
. .2
(pv)y = (pV)1 = p1%X = pg g (4.16b)

The linear density relationship can also be expressed in

terms of the density at the downstream end, point #2.

o =0p-pg (Lx) (4.17)

i’

by = by (L=x) (%.18)

fé(pv) = -fLL oy = o (Le=x) }d_x (4.19)
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X
P] | 7 Po
) —— O ® % —=
) V2 FLOW
L
1 2

Figure 43, Control Volume for Transient Flow in an Element,
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(0v)2 = (p¥)g = b, (1%) + pg (o) (4.20)

(ov)x = (v)2 + pp (Lx) = by (Tox g (1.203)

Now the equation of motion can be used to describe the flow at each

end of the element.

Z F=%€J oVd¥ +Af oV (V.n) da h.o1)

The surface forces are the pressure force at each end of the element,
and the viscous shear forces on the peripheral walls, as represented

by friction force per cross~sectional area.

Z F = (Py-Po-FL)A | (4.22)

The temporal inertial force is found by substituting the mass flux

relationship found from continuity, Equation 4.16b:
L
2

d d ‘ ° X
—— d¥ = — - - —— A dx
dtf PV = T [ (pV)y = P1% = P55 }

"
i

‘ 2 3 -
d (X L o L
A [Laf(pV)l 015 TPy T J (4.23)
The convective inertial force is evaluated as:

[ ovtrny an = (o7, - 01,?) 4 (1.24)
A

When the three terms are combined by equation 4,21, the constant area

term is cancelled and the equation of motion is then given by:

d(DV)l _ .o L2 3

- - L 2 2
Py - Bp -Fp = L — PL =5 = b=t PVp - ppVy (4.25)
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Instead of using (pV)y as given by equation 4,16b, (pV), as given by
equation 4.20a is now used in the temporal term of the equation of
motion, equation 4.23, to give:

L
2
d _a 4 : —) - L-x
T Jf pVA¥ = A EEU/\[ (pV)2 + 0 (L=x) o (L=x)~ } dX,
I O

2

2 3
d . L . L
= A5r [ (V)2 L + po— - Psg }

d .12 . 13
A [ Lz (pV)2 + B3~ = By 6‘"} (4, 26)

The equation of motion is then re-written as:
2 3
-P~F. = d o LT e L 2 _ 2
Py=BpoFp = Lo (pV)p + Bp 5= = By 2= + ppVp" - o1y (4.27)
Equations 4.25 and 4.27 can now be used to solve for the rate of change
of mass flux at either end of the element in terms of properties at

the ends of the elements, as follows:

3
dt w IP WD 2 2
d(pV)y = F-\ Pr-Po-Fgt 61 5= + Bz~ + 01V - polp } (4,252 )
dt L2 13 2 2
d(pV), = T\ P1-Bo-Fy- B 3+ Bsg- + 01V = poVs } %272 )
Density

A volume-fraction weighted-density is used to approximate the density
of the mixture of fuel and air which flows in the elements. It is
given as:

P = pg (l-Vq) + Vg (4.28)

The fuel density, pp, and the volume quality of air, V_, are constants

q
for each element. Therefore,

B = Vgdg (k,29)
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An isothermal relationship is assumed to relate the density of the air

to that of the pressure, and it is given as:

P
Pa = 7% T = CONSTANT (4.30)

Therefore, equations 4.28 and 4,29 can now be written in terms of

pressure as:

L =Pr (l'Vq) + RT Vq (”—.288.)
PV |
. _—‘_g.. ] .

Also, the slope of the linear density equation can be evaluated in terms

of the densities at the ends of the element as follows:

Po=p ’
og = —p— (4.31)

and by substituting and differentiating pressure into equation 4.31:

Q
02"91) = ﬁT- (P2_Pl) (M-BQ)

By substituting the density-pressure relationships into the equations
of motion for the element and combining terms, the following equations

result:
2

V.L
dt e e
d(pV)l = —I-J- { Pl-Pz"FR + '371%1“‘ [Pl + .5 P2 :l

PV, - PV
1 ) 2 2
¥ [ b (17y) + 7 J it [ (1) + } V2 }
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.
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7 |
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Py2
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a%p o P11 - 2Pyt Py
7 2

Iigure 44, TFinite Difference Form of the Second Derivat;ve.
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The double subscript for pressure is now used to indicate position and
time, as follows:

P
(position)(time)

where a position of "1" is the upstream end, and of "2" is the down-
stream end. Time is indicated as first, second or third interval, with
the first as current time, as shown in Figure Lk,

The second derivatives of pressure in equations 4.25b and

L.27b are now written in finite difference form as:

P, + .5 Dy =
1 2 P)

Nt <u33)
By+.58 - Po1-2Ppp + Pog + .5 (P~ 2Pp + Pp3)

o7 (%.34)

The cquation of motion lLor the element can now be written in a Lorm

which is suitable for finite difference solution as follows:

2 - -
At Vq1Z [ Ppy=BPyptPy ot 5Py ~Pyrte 5By
ApV), == P.-P,. -F, +
1° T 117°217°R T 3R7 2
Py 4V Py V
11%q 2 21'q 2
+ [ pf(l'vq) TR J V- [ (pf(l'vq) * RT }Vz } (4.25¢)
' 2 [ Poq=2PontPog+.5Py1=P1ot. 5P -
ApV), =884 p p p - VoL 01~2FPpptlogt. 5Py -P1ot. 5P 5
2 1, 11 "21 "R 3RT At2
T PV ) P,V )
| op(lavg) + %—%J V2 - [ (pp(1-vq) + -4 J vo® [ (h2re)

The above equationg are now simplified by combining like terms of

pressure to obtain the following two equations
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2 2

VL V.V
A(pV) =éﬁ{(l+ L+ 2l)py
, VIS Vg >
= 14+ - + Prqy ~F
K ORT At@ RT 21 7R
v 17
R 5 (-2P12+Pl3-P22+.5P23)+pf<l—Vq)<V12-V22)} kh.254 )
3RT At
VL2 V72
AU IR 4
MVl = T G * T P
2
V, L V Vol
q q'2 > )
- 1+ + Poy -I
< 3RT At® RT el R
2
VL
- ._.__9__.§ ( —2P22+P23—P12+. 5Pl3)
3RT At
2 2
o (1)1, | (1.272)

This concludes the analysis of a single element. Now the above
equations for each element must be related by continuity at the
Junctions where they connect in the network. The system of simul-
taneous equations which results will then describe the network in
terms of the conservation of mass and of momentum.

Continuity at a Junction

Since a junction, by definition, has no volume, it cannot accumulate

mass. Continuity is, therefore, simply written as:

I (4.35)

Also,

.

hew = Mg + 4 (4.36)

Zﬁhew=>_lmold+2_‘dlh = 0 (k.35a)

Therefore,
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Since,

Zr'n = 0; (4.35)

then

) @i o (:.37)

or for constant area and in finite difference form:

Z Aa(pv) =0 (4.38)

at a junction

Now, equations 4.25d or 4.27d can be substituted into the above equation
for each junction of the network, This will result in a number of
simultaneous equations equal to the number of junctions, or the number
of unknown pressures, The equation which is used for the substitution
depends upon the junction for which equation 4.38 is being written.
If, in the summation, the junction is the upstream junction of the
element, equation 4,25d is substituted, and if the junction is the down-
stream junction, equation 4,27d is substituted., The two equations can
be expressed as a single equation by using a double subscript with a
comma notation as follows:

T Py

which means + P, or = Py
The following equation for continuity at a junction results when using

the above notation:
AN
=<+ (14t 8
ZL {—( 5 ne T a b2 ) hua
1

LT
Vq
F (1 LZRT a2 T Vel)PElll}
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NL
= 15‘- +-X-(-l-ﬁ-(-2P +P -P. +.5P )
- L | — 3RT At2 12,227+13,237 22,127 7*23,13
1
2 v 2
+ pp(1Vg) (1121?) + FR} (1.39)

This equation is programmed in the simulation for each
interior junction. The set of simultaneous equations which result

are solved for the unknown pressures, Py; and Ppq.

Friction Force, F
s tr

The frictional force is based upon the square of the velocity through
the element, The loss due to viscous friction is assumed to be cqual

to
. DF(V12+V22)
R~ —_—-Tr“__—

e
[
gl

(4.10)

since the velocity is varying along the length of the element. The
variation is small, therefore Equation 4.40 is a good approximation

to the usual friction term for pipe flow as given by

Subroutine FRIC calculates the frictional factors (FL/D) for both the
steady solution and the transient solution, as described in 4.10.

4,13 Checking the Lincar Density Solution

At this point, it is advisable to compare the solutions
ol' @ simple flow problem for the linear density method with the
accepted method of characteristics. This was done for a 2-inch long
tube with only air flowing. The wavespeed is well known for the pure
alir which means the results obtained from the method of characteristics
must be reliable. The boundary conditions, as shown by Figure 45, are

a steady pressure at one end and a sinusoidal pressure at the opposite
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» TIME
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1. DOWNSTREAM

Figure 45. Comparison of Linear Density Method to

Method of Characteristics.
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end of the pipe. The results of calculated pressure at an interior
point and for flow at the downstream end compare very well., A slight
difference in flow is noted, which is due to a convective force term
contained in the linear density solution. The results show that the
linear density method does accurately simulate compressible transient
flow in small, short pipes.

k. 14 Simulation of a I'ord Carburetor

The Ford CBAF-L two-barrel carburetor, as depicted in
Figure 1 of Chapter II, was simulated by using the techniques Jjust
described for steady-flow and for oscillatory flow. Figure 46 shows
the network which was needed to describe the flow path for the simu-
lation, Notice that it contains four air bleeds, two main venturi
ports, six boost venturi ports, and one connection to the float bowl.
The enrichment system was blocked, since it contains the soft diaphragm
of the enrichment valve., Softness of the channel walls is not included
in the transient flow simulation, and it does greatly affect the
transient behavior. The enrichment system was in use for the complete
tests of Chapter II. Separate tests were run without the enrichment
system to check the transient simulation. Figure 47 shows the input
data which is needed to describe the network of Figure 46, and to simu-
late one operation point, 1500 rpm and wide open throttle.

The steady-state results for the 1500 rpm run are shown in
Tables V oand VI, 'The tlows in each element as well as the pressure at
cach junction are given., The friction factor and Reynolds number
are shown as well as the average densities. The fraction of air on a
mass uand on a volume basis is given as well as the separate flows of
air and fuel., It is of interest to note that the flow in the idle

system is shown to be reversed, which means that the idle port and
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TABLE V

STEADY~-FLOW RESULTS FOR THE C8AF-I CARBURETOR
AT THE JUNCTIONS
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