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SUMMARY

An analysis of aircraft-carburetor design with emphasis on
air-flow equations, and altitude- or density-compensation sys-
tems is presented. Several theoretically perfect methods of com-
vensating carburetors for density are developed and the resulting
compensation equations are set up for air density sensed as a
single variable and for alr density sensed by separate indica-
tions of pressure and temperature. ‘

An spproximation of the theoretical ailr-flow equation has been
presented for carburetor use that has a maximum deviation of *1.5 per=-
cent from the theoreticel equation. It has been found that the
simplest means of compensating for the variation in air density is
that of varying the area of the venturl as a function of alr density;
this method also offers the advantage of increased alr-flow capacity
at altitude. Air-side compensation, or variation of the effective
venturi pressure drop, a&s used in present carburetors was found to
be one of the more complicated methods. '

INTRODUCTION

, The problem of accurate fuel metering for aircraft engines

has become of increasing importance in recent years because of the
development of long-range, high-altitude aircraft. In the use of
service carburetors, difficulties in metering fuel correctly at
high altitudes have been encountered mainly because of errors in
altitude compensation, or more exactly, density compensation. At
high altitudes, the magnitude of these errors may be 30 percent
or more. Because the performance of an alrcraft engine 1s affected
to0 & considerable extent by the accuracy of fuel metering, an
analysis of the fuel-metering characteristics of the alrcraft car-
buretor with regard to air-flow and fuel-flow measurement and pro-
portioning will be valuable in improving the performance of air-
craft engines.
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The requirements for the measurement of air flow and fuel flow
are discussed herein and an analysis of several methods of density
compensation, which was conducted at the NACA Lewis laboratory, is
presented.

ANALYSIS OF PROBLEM

The function of a fuel-metering device is to meter fuel to the
engine in a definite weight ratio to the engine air flow. This ratio
mst be maintained between certain limits to provide an inflammable
mixture and should be controlled accurately enough to provide
metering at the maximim-economy or at the maximum-power fuel-air
ratio. The problem is therefore one of correlating the weight flow
of fuel to the weight flow of air. Because air flow is the primary
variable, it becomes necessary to use the characteristics of the
air-flow measuring device to control fuel flow.

Air-Flow Measurement

The air-flow measuring element used in a carburetor should be
accurate and reliable, provide a simple measurable indication of air
flow, and bave a small pressure loss. The venturl has been used in
carburetors as an air-flow measuring element because it most nearly
fulfills these requirements.

Because the flow of fuel is to be controlled by the indication
of air flow obtained from the venturi, the alr-flow equation of the
venturi must be known. This equation should first of all be theo-
retically correct. Approximations to it may then be made if such
approximations are necessary to simplify the carburetor design.

The theoretical equation for air flow through a venturl is developed
in appendix A and an approximation of this equation, which has a =
 maximm deviation from the theoretical equation of about xl.5 per-
cent over the air-flow range, is as follows:

2 = (0.985)2 €% A% %% (Bg-22) =~ (1)

(A1 symbols are defined in appendix B.)

Equation (1) indicates that for a constant-area venturi, three
varisbles (pz, Tg, and Py - pp) must be combined to obtain a
correct indication of the air flow w.
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Fuel-Flow Measurement

The requirements of a fuel-flow measuring element are that it
be accurate and reliable, and that it provide a simple measurable
indication of fuel flow. Because the pressure loss of the element
is usually unimportant, there is considerable latitude of choice in
gelecting a fuel-flow element. Special fuel-flow elements, called
metering Jets, have generally been used in carburetors principally
because of ease of manufacture, duplication, and calibration. These
Jets have more or less rounded entrances and & throat section with
a large length-to-dlameter ratio, and therefore have characteristics
very similar to those of a flow nozzle. The equation for flow of a
liquid through a flow nozzle, developed in appendix A, is as follows:

W*)2 = (c')2 (2')% 28 p' (m' - p2") (2)

Correlation of Air Flow and Fuel Flow

For a constant fuel-air ratio, the characteristics of the air
venturi muset be correlated with the characteristics of the fuel
Jet. Equations (1) and (2) may be combined to form the following
relation: .

(0.985)2 c2 a,2 %% (B - 22)

wa =
W2 (c')2 (A,")2 2g 0" (' - pp")
or
' K 2 Pz _ 1\2 t ' A
AZ%‘(Po-pa)—(Az) (py' - pp") (3)
where

_ (0.985)2 (w')2 c?

K

in which p' 1s assumed constant. The term PZ/TO may be con-
sidered a fictitious density py. Equation (3) then becomes

Ky Azz px (Pg = B3) = (Ag')2 (py' - i’z') (4)
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where
because
Py
Px = m—o

In equations (3) and (4), the terms p,, Ty, &nd Py - D
are independent variables. All other terms (excépt K or Kl)
may be made to depend on these independent variables. Carburetion-
design practice has been to equate the air-pressure drop Pop - P2
to the fuel-pressure drop pl' - pz'. (In most service carburetors s
a compensated value of Pp - pp 18 equated to p;' - pp'; however,
this is a method of compensating for variations in the density p,
and will be discussed later in the report.) In the float-type
carburetor, the pressure drop Py - p; 1s equated to the pressure
drop p,' - pp' by introducing the pressure Py to the float
chamber and causing the fuel to be discharged into the throat of
the air venturi. In the pressure-type carburetor, the pressure
drop Pp - pz 1s usually equated to the pressure drop pl' - pz’
through the use of a set of balanced diaphragms. Any unbalance
of the dlaphragms is used to operate a valve that controls the
fuel flow in such a manner that the diaphragms tend to remain
balanced. Because of the inherent advantages of the pressure-type
carburetors with regard to reliability during aircraft maneuvers,
good atomization of fuel due to the high fuel-nozzle pressures
possible, and adaptability to positive metering control, only
this type of carburetor is considered in the following analysis
of density-compensation systems. Some of the systems that will
~ be discussed may, however, be readily applied to float-type
carburetors. , '

ANALYSTS OF SEVERAL DENSITY-COMPENSATION SYSTEMS

Methods of Denslity Compensation

Several methods of density compensation for a pressure-type
carburetor will be considered and are listed as follows:

(1) The pressure difference Py - p, may be equated in a con-
stent ratio to the pressure difference py' - pp', with the area
Az' beld constant and the area A, made a function of the density

Pxe
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(2) The pressure difference Pg - pp may be equated in a con-
stant ratio to the pressure difference py' - pp' with the area
held constant and the area Ay' made a function of the density py.

(3) The areas A, and Az' may be held constant, the pressure
difference py' - pp' combined with the density py, and the
resulting compensated pressure difference equated in a constant
ratio to the pressure difference PO - Py

(4) The areas A, and Ap' may be held constant, the pressure
difference Py - p2 combined with the density o4, and the
resulting compensated pressure difference equated in a constant
ratio to the pressure difference py' - pp'.

(5) Any of the variables Py - Dy, D' - D', A2', or A,
or their effective values, may be made functions of the pressure
or the temperature T,, as longas Py - pp and py' - P2’
or their compensated values are equated in a constant ratio.

: In each of the foregoing methods except method (S5), it is
assumed that a device 1is available that will give an accurate indi-
cation of air density.

Variable-Area Venturi Method
A simple schematic diagram of a carburetor employing a variable-
area-venturi compensation system is presented in figure 1. For this

system, Py = pp 1s equated to Py’ - pp' by use of the air-
diaphragm assembly. Equation (4) then becomes

Ky Az2 Px = (AZ')Z

Solving for Az results in

A2=Az'\/;1—17; ©

which expresses the required relation of A, and p, for perfect
compensation,

Compensation by this method also has an advantage in that as
Py becomes smaller, the area A, becomes larger, which means that
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-

at altitude the air-flow capacity of the variable-area-venturi cer-
buretor is greater than that of the fixed-area-venturi carburetor
when the two have equal venturi areas at sea level.

Variable-Area Fuel~Jet Method

A simple schematic diagram of a carburetor employing a variable-
area fuel-jet compensation system is shown in figure 2. The air-
pressure difference Py - pp 18 equated to py' - pp' by the
diaphragm assembly, and equation (4) then becomes

Ky A7 o = (")
Solving for Ap' results in

A' = Ap q’Kl Py (8)

which expresses'thelrequired relation of Az' and p, for perfect
compensation. This system would probably be difficult to manufacture
beceuse of the necessarily small area of the fuel jJet.

Compensation by Variation of Effective
Fuel<Jet Pressure Drop

In a system that compensates for density by variation of the
effective fuel-jet pressure drop, the areas A; and Ap' are con-
gtant and the effective or compensated fuel-jJet pressure differential
is equated to Py - pp. From equation (4), the compensated fuel-
pressure differential mst equal a constent times the ratio of the
uncompensated fuel-pressure differential pl' - p,' and the density
px for perfect compensation. In mathematical form this relation is
expressed as )

p1| - pzl
! ' o m————
(2" = 2" = 155, (7)

where the subscript c¢ designates the compensated value and

A% Ky
(8,")?
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Four methods of compensation of the fuel-pressure differential
are shown in figure 3. The analysis is based on the following
assumptions: :

(1) The flow through the compensation system is negligible.

(2) The inlet area of the variable restriction is large com-
pared with the throat area; therefore the variation of the velocity
of approach factor is negligible for normal variations of the area
of the variable restriction,

(3) The coefficients of discharge of the fixed and variable
restrictions are virtually constant over the flow range.

(4) The shape of the fixed and variable restrictions is such
that their characteristics are similar to a flow nozzle (except in
- the case where the fixed restriction is a venturi).

(5) The fuel density through the compensation system 1s con-
stant.

The system shown in figure 3(a) coneists of a fixed and vari-
able restriction with the compensated fuel-pressure differential
obtained from the pressure drop across the fixed restriction.

The notation is as indicated, where (py' - '), equals Py - py.
The flow through the compensation system may be expressed by an
adaptation of equation (2).

(W, ")2 = 2g (C")2 (ap")2 o' (P - By)

2g (c,")% (4,")% o' (p,' - B,")

Solving this equation for (Av')2 results in the following
expression:

)2 (©2')% (a")? (% - pp)

Av = (va)z (pv' - pzn)
The required relation of the various pressures to density py, for

perfect compensation is given by equation (7), which is rewritten
in the notation of figure 3(a) as follows:

(8)
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n' -’
szx= Po-pz (9)

In order to determine the required variation of the area A,' with

density, it is first necessary to express equation (8) in terms of
] N .

R It will be noted from figure 3(a) that

Pv - pz' = (pl' - pz') - (PO - pg)

Substitution of this expression for p;' - p,' in equation (8)
results in

(ce’)? (ap")2 (% - pp)
(Cv')z [(Pl' - Pz') - (Po - Pz)]

(Avn)z =

Simplifying ylelds

(Ce')? (Ap')2

Py =D,
(C,,')2 (11,—0_% - l)

Combining this expression with the equation expressing the relation
that must hold for perfect compensation (equation (9)) results in

(ce")? (ap")%

(a")? =

(A 1,)2 =
v 2
T (Cy")? (Kp oy - 1)
or
A =K' STy (10)
where ‘
L [}
R s
3 - Cv|

This system will compensate perfectly if the area of the variable
restriction Ay' 1is varied with density p; as expressed by equa-
tion (10). .
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Figure 3(b) represents a system similar to the one jJust described,
except that the positions of the fixed and variable restrictions are
reversed. It can be shown by & method similar to the preceding method
that the required variation of Av with density px is the same as
equation (10).

A third method for compensation by variation of the fuel-jet
pressure drop is shown in figure 3(c). In this method the Jet-type
fixed restriction of figure 3(a) has been replaced by a venturi so
that pressure recovery is obtained. The following analysis is
based on the assumption that complete pressure recovery is obtained
so that the pressure downstream of the venturi equals the pressure
upstream. With the notation shown, the equation for flow through the
compensation system is

(W;")2 = 28 (C,')2 (Ap")2 o' (P, = Bp)
= 28 (C¢")2 (A;")2 o' (' - Bp")
Solving for (A‘,')2 yields
(A = (cp')? (Af 2 (29 - Pp)
(€32 (0" - 2p")

The equation for perfect compensation (equation (7)) with the nota-
tion of figure 3(c) is

P - n' =P
0~ P2 = K2 oy

or
Pop-P2 1
P =Py Kp Py

Conibining these two equations results in

(cp")? (ap")2
2

(Cy')° Kp Py

AV' = KS' \’ Kzlpx (ll)

(a,")2 =

or
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An alternative method is shown in.figure 3(d). It can be shown
by the same process that the required variation of Av' with density
Py 1s the same as equation (11).

AQ{%fféQ Compenéation by Variation of Effective Value of

£L<f¢d\\}9J/\ Venturl Pressure Drop

In a system that compensates for density by varying the effec-
tive value of the venturi pressure drop Py - pp, the areas Ap
and Ap' are constant and the effective or compensated value of
Po - p2 18 equated to pl' - '. For perfect compensation with
this system, the compensated value of Pp - pp mst be equal to a
constant times the product of the uncompensated value of Py = po
and the density py. In mathematical form this relation is expressed

as
(Po = P2)c = K3 Px (Pg = P2) (12)

Four methods of varying the effective value of the venturil
pressure drop- Pp - pz are shown in figure 4. The analysis is
based on the following assumptions:

(1) The mass flow through the compensation system is negligible.

(2) The inlet area of the variable restriction is large com-
pared with the throat area; therefore the variation of the velocity
of approach factor is negligible for normal variations of the area
of the variable restriction. '

(3) The coefficients of discharge of the fixed and variable'
restrictions are virtually constant over the flow range.

(4) The shape of the fixed and variable restrictions is such
that their characteristics are similar to a flow nozzle (except
in the case where the fixed restriction is a venturi).

(5) The stagnation temperature is the same throughout the
compensation system.

Figure 4(a) shows the system used in some of the pressure-type
carburetors, which consists of a fixed and variable restriction in -
geries. The pressure differential Py - pp 1s imposed across the
restrictions in series and the compensated pressure difference is
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obtained from the pressure drop across the fixed restriction. The
notation is as indicated, where Py - p, 1is equal to (Pg - p2)..
The flow through the compensation system may be expressed by an
adaptation of equation (1).

0.985)2 2 Py
Wi? = R Cr? A% 5= (Bo = 2y)
_(0.985)% 25 , 2 , 22, )
= R vA-vlf_g\Pv"pZ

Solving this equation for A.,,2 results in the following expression:

) ce% Ag% py (Pg = py)
Cvz rz (py = p2)

At (13)

The required relation of the various pressures to density py; for
perfect compensation is glven by equation (12), which is rewritten
in the notation of figure 4(a) as follows:

Py - Py
K2 Px =35, =5, (14)

In order to determine the required relation of Ay to py or other
variables that may be involved, it 1s necessary to express the

(Po - py)/(py = D2) term of equation (13) in terms of

(Po - py)/(Pg = p2). It will be noted from an examination of fig-
ure 4(3 that

Py - Dy = By = Dp) = (Py - 1)

Substitution of this expression for p, - Py in equation (13)
results in

Ce2 Ap% 1, (Pg - Dy)
cv2 P2 [(PO -p2) - (P - Pv)]

A2 =

2 2
A2 . Ce” Ap™ Dy

15)
vp21"‘0'1’v-
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Because equation (14) expresses the required relation of

(Po - py)/(Po = p2) to density py for perfect compensation, equa-
tions (14) and (15) may be combined (subject to aforementioned
assumption (1)) to find the area function for perfect compensation.

Simplifying ylelds

2 2
Ce® Ap® Py Kp Py

2 -
R G -K )
or
' Py K2 Py
Ay = KS‘\/pg T - K py) . - (26)
where
Ce Ap
Kg = va

For proper compensation, this system requires that the area of the
variable orifice be varied as a function of the density and the
pressure ratio py/ps. In the conventional carburetor that uses
the system shown in figure 4(a), this pressure ratio is neglected
with the result that a variation of fuel-air ratio is caused. The
magnitude of this variation is approximately proportional to the
square root of the variation of the pressure ratio.

Figure 4(b) is a diagram of a compensation system similar to
that used in some other pressure-type carburetors. It is the same
as the system previously analyzed except that the positions of the
fixed and variable restrictions are reversed. The notation is as
shown in figure 3(b). From equation (12) the equation for perfect
compensation is '

P, - Dy = Ky 0y (Py = pp)

and from equation (1) the equation for flow through the compensation
gystem 1ls

2 5 P
(0.985)2 2g 2 , 2% (, _ .y _(0.985)%2g 2 ,2%  _.
= 0y Ay 55 (Bo Dy) = = e Ap” 7 (py - Dp)

It can be shown by a process similar to the method previously used
that the required area function for perfect compensation 1s
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P, Kz by
Ay = K5 I\I/pv T - szp;) (A7)

which is the same as equation (16) except that the pressure ratio
Pv/PZ is inverted. In the conventional carburetor that uses this
system, this pressure ratio 1s also neglected, which causes errors
similar to those noted for the previous system.

A third type of system in use on some carburetors is dilagrammet-
ically shown in figure 4(c). A venturi is used as a fixed restric-
tion instead of a type of restriction approximating a flow nozzle as
in the two foregoing systems. The following analysis is based on
the assumption that there is complete pressure recovery so that the
pressure downstream of the fixed restriction is the same as the pres-
sure upstream. The notation is as indicated in figure 4(c). The
equation for perfect compensation is

Py = Py = Ky Py (B = D)
or

Po=-p
0 v

] [o) 18\
Pg - P2 Kz Px : (18)

and the equation for flow through the compensation system is
( 2 P ‘ 2 p
§O.985[ 28 n 2 p 2 .Y _f(o.985)¢ 28 2,2 2
R Ce” A" g0 (B - ®y) = R Cy" Ay° g5 (Po - 2p)

or 2 2
2 G A vy (Po - 2y
Av' B Cvz p2 (Pg = p)

(19)

 Equations (18) and (19) may be combined to find the area function
for perfect compensation as follows:

2,2
Ae” D :
Ay R
c,t P2

In the development of equation (4) it will be noted that
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P2
Px = 7o~
. R
The preceding equation then becomes

2 2
sz - Cf Af Py KZ
o2 o

When the quantity pv/RTO 18 defined as a fictitious density p&,
the preceding equation becomes ‘

2,2

;2 Af
R S S
A==z R

v

or

A = Bz 0K Py , | (20)

Comparison of equation (20) with equations (16) or (17) indicates
that compensation by this method is mmuch easier because the required
arca of the variable restriction is & function of only the
density. In the conventional carburetor, which employs this system,
the density bellows is not bled to the density p, but to the .
density pp, which causes some error at high alt¥tude due to the
change in proportionment of eir flow between the main venturi and
the compensating-system venturi. ’

A variation of the foregoing system is shown in figure 4(d),
which is the same as figure 4(c) except that the positions of the
fixed and variable restrictions are reversed. Agaln the assump-
tion is made that the pressure recovery of the venturi is complete
(that is, the pressure upstream of the venturl equals the pressure
downstream). The notation is as indicated on figure 4(d). The
equation for perfect compensation is

P2 - P, = K o, (B - 1)

and the equation for {low through the compensation system is

2 - 2 P
(0.985)“ 2g n 2 , 2 Pv _(o.985)c 2g .2 , 2 -2
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It can be shown by a process simllar to the one used in the fore-
going discussion that the required area function for perfect com-
pensation is

Ay = K3 4K py' (21)

. where again py 1s a fictitious density composed'of the pressure
at the throat of the compensating venturl and the stagnation tem-
rerature of the system.

Compensation by Means of Pressure pp
and Temperature Tg

The foregoing methods of compensation require the use of a
device that will give an indication of air density. Reference 1
shows that the conventional pressure-temperature-sensitive
bellows will not give an acceptably accurate indication of air
density except over a very narrow density range. Therefore,
methods of compensation will be investigeted where compensation
for variations in pressure and temperature are made by separate
elements. It will be noted from an examination of equation (3)
that the following additional methods of compensation are possible.
In 21l cases, the values of Pg - pp &and p;' - pp' or their
compensated values are equated in a constant ratio and all other
variables except those being varied by pressure or temperature
are considered constant. The compensated values of Py - p2
and pl’ - pp' are indicated by the subscript c.

1. (Bg - Bp)g = £(p,) and (p' = By"), = £(T)
or '
(py"' = p3') = f(py)  and  (Pg - P2)e = £(Tp)
2. 8% = £(pp) emd (A,")2 = £(15)
or

(,")% = £(p,) and A% = £(T)
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3. (Pg - Bl = £(pp) end A% = £(Tp)

or
A% = £(py) and (By - p,), = £(Ty)
4. (py' - 1p')g = f(py) and A% = £(T,)
or
A7 = £(p,) and (p' -p,") = £(T)
5. (Pp - pp), = £(pp) and (8;")% = £(T()
or
(a,")% = £(pp) emd (P - Bp)g = £(Tp)
6. (p' - p2'), = £(py) smd (a,")% = £(Tp)
or

£(p,) eand (py' - p2')e = £(Tp)

(A,')2

The required relations of the dependent variables, (p;' - P2") ey
(Pg = Pples Ap', and , to the independent variables pp; and
To may be found by the same methods employed for the foregoing
methods of compensation. (Equation (3) is used instead of equation (4)
as the equation for the weight-flow correlation.)

As an example, for combination (1), the compensation equations
are obtained as follows:

' Equation (3) is the equation for perfect compensation and is
rewritten as follows:

T.
Ky A% Dy (Bp - Dp) = (Ap")2 f‘é (" - pp")
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where
K4 K5 = K
" As usual, it is desirable to let the compensated values of (Po - p2)

and (py' - p2') equal each other. Thus the following equations may
be written .

(Po - p2)e = (1" - P2")¢ -

Ky Azz pp (Pg - 12) (22)

(Pg - P2)¢

(py' = "), = (a,")? i_os. (p," - 2,") (23)

Equations (22) and (23) are the relations that must be maintained
to achieve perfect compensation for the method chosen. Any of the
methods shown in figure (4) may be used to achieve eguation (22)

and any of the methods shown in figure (3) may be used to achieve
equation (23). The mathematical methods used to obtain the required
variation of the variable area are the same as described for these
methods with the exception that equation (22) in the one case and
equation (23) in the other case are the equations for perfect com-
pensation instead of equation (7).

It is not considered necessary to show the cevelopment of each
of these required relations because of the similarity to the methods
employed in analyzing the foregoing systems for compensation. 'The
required relations, however, for all the possibilities listed in
items 1 to 6 are shown in table I. The required reletions for com-
pensation of the dependent variables for density are also shown.

Table I is set up in the following manner: The dependent
variables as functions of pressure pp are listed to the left of
the rows and the dependent variables as functions of temperature Tg
are listed at the heads of the columns., If it is desired to vary:

" one dependent variable as a function of pressure and another as a
function of temperature, the equations for the required relations
are found at the intersection of the respective rows and columms.
It. 18 necessary to select one equation for variation with pressure
and one for variation with temperature. In cases where the depen-
dent variables are (p;' - pz')c or (Py = py)ss the equations are

giver for the required variation of A, or Av' for each of the
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cases listed in figures 3 and 4, respectively. If it is desired to
vary a dependent variable as a function of density, the required
relations are again found at the intersection of the respective row
and colurnm. For this case, the equations for the required relations
are given in terms of density.

DESIGN CONSIDERATIONS
Air- and Fuel-Flow Measuring Elements

The accuracy of indication of flow rate obtained from the air-
and fuel-flow measuring elements will depend to a considerable )
extent on the installation characteristics. In the development of
the air-flow equations, the inlet total pressure was the average of
the total pressures over the inlet area. In the actual installation,
relatively few total-pressure tubes can be tolerated. The installa-
tion should therefore be such as to insure a flat velocity profile
upstream of the flow-measuring elements. In the case of the fuel-
flow element, the inlet chamber should be large (with a diameter
ratio - inlet to throat - greater than about 7:1 to 10:1), tims
providing good entrance streamlines.

The actual design'of the air- and fuel-flow measuring elements
should, of course, follow the designs recommended for standard
venturis and flow nozzles.

~ Compensation Systems

Variable-area venturi. - Aside from mechanical-design difficul-
ties, the variable-area-venturi method of compensation is probably
the best method of compensating for changes in air density because
of its greater air-flow capacity at altitude as compared with a
fixed-area venturi. The required variation of venturi area with
densgity is very simple and could be accomplished with a servosystem
operating from the fuel-inlet pressure to provide the power ampli-
fication from the density-sensing device. .

Variable-area fuel jet. - The variable-area fuel-jet method of
compensating for changes in alr density 1s probably the second-best
method of compensation because of its simplicity and inherent
* accuracy. Again, however, the mechanical design is difficult because
of the small areas required for the fuel Jet. This problem is less
pronounced with the larger carburetors. As with the variable-area
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venturi, the required variation of the area of the fuel Jjet is a
simple function of air density and could be accomplished with a
servosystem operating from the fuel-inlet pressure to provide the
power amplification of the indication of density obtained from the
density-sensing device.

Variation of effective fuel-jet pressure drop. - The four
methods of compensation by variation of fuel-jet pressure drop are
simple and easily applied. 'Certain assumptions in the development
of the compensation equations have, however, been made. Thesge
assumptions are: ’

.

(1) The flow through the compensation system is negligible.

(2) The inlet area of the variable restriction is large com-
pared with the throat area; therefore the variation of the velocity
of approach factor is negligible for normal variations of the area
of the variable restriction.

(3) The coefficients of discharge of the fixed and variable
restrictions are virtually constant over the flow range.

(4) The shape of the Tixed and variable restrictions is such
that the characteristics are similar to a flow nozzle (except in
the case where the fixed restriction is a venturi).

(5) The fuel density through the compensation system is con-
stant.

.Obviously, the error in fuel-air ratio caused by the flow
through the compensation system can never be made Zero, but it can
be reduced to a negligible amount by making the area of the fixed
restriction small in comparison with the fuel jet. The maximum
error caused by this factor will be approximately the ratio of
fixed-restriction area to the fuel-jet area. The second assumption
wag made so that the variation of the velocity of approach factor
with variation of the area of the variable restriction would be
small. If total pressures may be used so that the wvelocity of
approach factor is zero, then this assumption need not be considered
in the design of the compensation system. The third assumption is
one that can be fulfilled by designing the system insofar as
possible to operate at high values of Reynolds number. The fourth
assumption can.be fulfilled by using fixed and variable restrictions
with rounded or tapered entrances and high ratios of throat length
to dlameter. The standard jets now being used in carburetors
fulfill these requirements for the fixed restrictions. For the
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variable restriction, the necessary tapered valves should give
characteristics similar to a flow nozzle. In the cases vhere
venturis are used, this assumption, of course, does not apply.
The validity of assumption (5) depends on the fuel temperature,
which in most installations will be virtually constant.

Vaeriation of effective venturi pressure drop. - Two of the
methods of compensation by variation of the venturi pressure drop
are rather complicated in that a pressure ratio must be sensed in
addition to air density. The two methods employing the small
venturis are much simpler and are therefore preferable.

The first four assumptions made for compensation by variation
of the fuel-jet pressure drop were also made for compensation with
, this system and the same design considerations apply. One addi-
tional assumption was made in connection with this type of compen-
sation system: The stagnation temperature throughout the compen-
sation system is the same, This assumption will hold true 1f there
is no heat loss nor gain in the compensation system.

When this type of compensation system is employed, the area
of the impact tubes at the entrance to the main venturi should be
large so that the velocity through the impact tubes is nearly zero.

Use of separate pressure and temperature compensation. -
Table I presents the compensation equations to be used when separate
compensations are made for pressure and temperature. In general,
this type of compensation introduces added complexity and may be
too complicated for practical application except when applied to
the variable-area venturi or variable-area fuel-jet methods.

In view of the shortcomings of pressure-temperature-sensitive
bellows (reference 1), it appears that it would be better to use
gseparate pressure- and temperature-responsive elements, to obtain
their ratio by & suitable dividing mechanism, and to apply this
indication of density according to one of the equations requiring
an indication of density.

When any combination of the foregoing compensation systems is
used to make separate compensation for pressure and temperature,
the systems should embody the same design features as previously
outlined. '

13



NACA TN No. 1874 21

SUMMARY OF ANALYSIS

An analysis of aircraft-carburetor design with emphasis on
air-flow equations and density-compensation systems 1s presented.
Several theoretically perfect methods of compensating carburetors
for density are developed. The results of the analysis may be
summarized as follows:

1. A prerequisite to any carburetor design is the use of an
accurate air-flow equation for the air-measuring element. An approx-
imation of the theoretical air-flow equation for a venturl is pre-
gsented, which has a maximum deviation fromethe theoretical of
approximately 1.5 percent.

2. Aside from mechanical-design difficulties, compensation by
variation of the venturi area appeared to be the best of the methods
considered because of its simplicity and the fact that the maximm
air-flow capacity would be increased at altitude. Compensation by
variation of the fuel-jet area or by variation of the effective
fuel-jet differential was also good. Compensation on the alr side
(variation of the effective venturi pressure drop), in general,
proved to be complicated although the use of a venturi in the air-
side compensation system was no more complicated than the fuel-side
compensation systems., Separate compensation for pressure and tem-
perature was, in general, considered too complicated except when
applied to the variable-area-venturi or variable-area fuel-jet
methods.

t

Lewis Flight Propulsion Laboratory, iz
National Advisory Committee for Aeronautics,
Clevelend, Ohio, Februery 18, 1949.



22 - NACA TN No. 1874
APPENDIX A

DEVELOPMENT OF FLOW EQUATIONS FOR FLOW OF COMPRESSIBLE
AND INCOMPRESSIBLE FLUIDS THRbUGH
VENTURIS AND FLOW NOZZIES |
Compressible Flow

In the usual equatipns for compressible flow through venturis
and flow nozzles, correction factors are applied to the hydraulic
equations and, in general, these equations are not sulted for appli-
cation to automatic measurement and integration because of the com-
plexity of the correction factors. In this development, an attempt
will be made to obtain a form of the compressible-flow equation
that is simple, as regards the number of variables and the required.
_ integration, and yet is accurate. The variables capable of simple
primary automatic measurement are: the total pressure at any area,
the static pressure at any area, any pressure ‘difference, and the
stagnation (total) temperature at any area. An equation involving
any other variables (such as static or free-stream temperature )
could not be used for automtic control- applications without inher-
ent lnaccuracies.

Bernoulli's theorem for c"ompréssible f;liii-d'sk is_

. 2 e
vy Py B T g P T2,
Y-1pg 7-1m 2gf7-1p2 2g | ‘ .

(Aa11 symbols are defined. 1n append.ix B ) The general equation for,
flow is

_V °1 A1 Vl F’z Az Vz - (Az) a2

When the va.ria'bles tha.t are capa‘ble of automa.tic measurement are
considered, it appears that the- equation should be developed ST
‘using the conditions at a etagnation point and at the’ minimnm area.-
Solving equation (Al) for” Vg2 in terms of Po/po and - 'pz/pg and
combining with equation (Az) reeults in ¢

Po P2
W m et v—g"'f(sa %)
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This expression may be put in the general form of the flow equation
by mltiplying the numerator and the denominator of the right }:w.nd
side by Py - p; and rearranging as follows:

‘ 702 P
2 = 28 857 02 (5 - 22) = By - B2) ('58"32'> (43)

The adiabatic relation for pressure and density is

Then

-2
L pp
)
. Po \ o
W2=28A22p2(P0-p2) 7_1p2
| _( ) (Bo - vp) |

Dividing the numerator and the denominator of the bracketed term by.
P, results in F _

wa = 28 Azz pz (PO - Pz)

or -
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B 7
7-1
@ -
. P2
W2 = 2g A2 p, (Pg - Bp) 7_1(29--1> (a4)
|7\ /] N

But pp = pp/RTp and T, cannot be measured by simple automatic
means., If the substitution for pp 1is made and equation (A4) is
mltiplied by Tg/Ty, there is obtained

Po) 7 .
—_ -1
& 5
L:_CQ.-]_) 2
L. a Pz

W = 28 A)? g (g - 7o) (a5)

The adiabatic relation between temperature and pressure is

Equation (A5) then becomes, with the preceding expression in the
denominator,

W2 = 2g A2 ;-21,-6- (Py - pp) T (as)

orxr

5 .
W=a Az\/ ;1.0 (Bg - 1) (a7)
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where

|
o
M | o

P 7,
P2

5303

The flow equation is now in a conventional form involving the vari-
ables capable of automatic measurement. Before it can be stated
that equation (A7) is a good form of the flow equation for automatic
flow measurement, the range of values of the expansion factor a
mist be determined. A plot of o with pressure ratio Po/pp for
air is shown in figure 5. For air the maximum error incurred by
neglecting o is approximately 3 percent at the critical pressure
ratio or x1.5 percent if an average value is assumed.

If the average value of 0,985 is assumed, eciuation (A7)
becomes

P2
0

2
W = (0.985) Azr\/ :,r (Po - p2) . (a8)

For application to an actual venturi, equation (A8) mist be mmlti-
plied by the coefficient of discharge; it therefore becomes

€ P2
W = €(0.985) Ay '\/?Rfo (Py = p2) (A9)
which is a variation of equation (1) in the text.

Incompressible Flow
Bernoulli's theorem for incompressible fluids is
PO' .pll (vlt)z' p2' (v2|)2

o =Tt Tz T T Tza (A10)
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The equation for fluid flow is

W' =

pl All vll = pl Az' vzl

Solving equation (Al0) for (Vz')z- in terms of
results in

‘ 2 '
n' (V") P2
12 _ -

NACA TN No. 1874

(a12)

The velocity Vy' may be obtained in terms of Ap', Ay', and Vo'

from equation (All)

After substitution of this expression for V;' 1in equation (Al2),

there is obtained

2g (py' - p2")
. NN
4 (A,")

(a2

(Vz')z

he)

From equation (All) the weight flow W', then becomes

. ' 2g (p1' - p3')
W' =o' Ap' 'l( NE
° [l i 2]
, (A1)

or in more conventional form

(A13)
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Equation (A13) is the theoretical equation for the flow of an
incompressible fluid through a venturi, a flow nozzle, or an
orifice. (In the case of the sharp-edged orifice, the pressure

pz' is considered to be taken at or near the vena contracta.)

‘For application to an actual venturi, flow nozzle, or orifice,
equation (A13) must be multiplied by the coefficient of discharge.
Two coefficients are commonly used: C, which does not include the

velocity of approach factor V& - (Agf)z/(Al')z, and K, which
includes the velocity of approach factor and is equal to

C/Vi - (Ag')z/(Al')z. Because it has been found convenient to use
the letter K +to0 represent other constants, C' has been used in
this report to represent the coefficient of discharge with the
velocity of approach factor included and a subscript that identifies

the particular metering element to which the coefficient applies,
has been used.
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APPENDIX B

SYMBOLS

The following symbols are used in this report. Symbols with-
out primes pertain to compressible fluids, whereas those with primes
pertain to incompressible fluids.
Af,Af' ares of fixed restriction in compensation system
Ay,A;' area of variablé restriction ig compensation system
.Al’Al' aree at entrance to metering element
Ay,Ap' area at minimum section of metering element
c,c' coefficient of discharge of metering element

Cf,Cf' coefficient of discharge of fixed restriction in compensation
system

Cv,Cv' coefficient of discharge of variable restriction in compen-
sation system

g' acceleration due to gravity
Py,Pg' total pressure at stagnation point
pv,pv' variable pressure in compensation system

P, ' stetlc pressure at entrance to metering element

pz,pz’ static'pressﬁre at minimuﬁ gection of metering element ©
R gas constant

To total temperature at stagnation point

T2 étatic temperature at minimmm section of metering element

- Vq,V7' velocity at entrance to metefihg element
V2,Vo' velocity at minimum section of metering element

W,W' fluld-flow rate
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Wi,Wi' fluid~flow rete through compensation system

A -ratio of specific heats

p' density of incompressible fluid

PO density at stagnation point

P density at entrance to metering element

Pp density at minimim section of metering element
Px = r2/RIg

Py = Pv/ RPO

_ (0.985)% (w')¢ ¢?

K R o' we (C.)z
Kl = KR
AP E ) /
T a2 .
c
K3 = fCif
. Cf' Af'

Ks' = =%
v

KKs = K

REFERENCE

1. Otto, Edward W.: Analysis of Accuracy of Ge.s-Filled Bellows for
Sensing Gas Density. NACA TN No. 1538, 1948.
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TABLE I - ALTITUDE
Az = f(To) Ag'= f(To)
Az = fp2) Az’ = f(To)
Az = J(pe) he < A7 | K.Ipr . i (X5
' = i 25, - [ 25
- Az Kap2 Az = To
A2 = f(pp) Az = f(To)
2A2l = Az K'PX
T v
Ag' = f(pp) 20, = (Kapeo A, - ’K—:

(p, ~pa)c = f(Pp)
@

(P~ P2)c = £(P2)

Az=/(To)

(p) = p2')¢ = flp2)

Ag' = f(To)

|
3Ay = K<As |—— 5
e 2\/ Ka po - (Ag")2
4Av= K3'A2' - ]pz
\/ a4

B |
3a - ko ’
Av K3 K4A22p2—|
Ks' 1
49 3
Ay = 2> ’
" Ag NKape

K
2 ,_5
Ag

K
3
Tav= g Kapy

Ay = K3Ap JKapy

(Po=p2)c = /(P2) A2/ (To) (Po = P )¢ = /{pp) Ag = f(To)
Kapy
S - Ky |t v Kao
AV = K3 W2 5A = Kz A 4Pv
(A2)" - Kape ' v K3t Tk AZr,
' ) 7
___K_4_.p22 To Kapg Ks
6A, = | 2 A, = 25, =
(Po=po)c=/P2)| *Av= K (LI, 02 - Kapp) | 72 AL [T el B

'See fig. I. S5see fig. 4(a). :
2gee fig. 2. 8see fig. 4(b)." ‘
35ee figs. 3(a) and 3(b). 7see figs. 4(c) and 4(d).

4gee figs. 3(c) and 3(d).
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COMPENSATION EQUATIONS

(py = P2 = f(To)

(PO_ pz)c =_f(To)

Az = f(pj) (p' = p')e = f(To) Az = f(pp) (Po—p2lc =f(To)
— T
5 — 5Py
To Ay = K3 e
N N - [
YT N Ks - TolAg)2
Ksp
In,. = | ] [ 5P2
Ao = | - 6 = T
2* [Rats , Az \JK4p2 Av = K3 |'oy ((42)2To- Ks)
an _wone | To
SRR A o
V7 A2\ p2To
Az = f(p2) (py' = p2)c = f(Tp) Ap = flpp) (Po ~p2)e = f(To)
. Kgp
SA. - f__s_v__
Ay =Kz To Av - Kshe || 0o - Kshg?)
Vo3 (KsAZ% - To
. 20, = JKapo Sa. - KuA Kspa -
A2 -= .JK4p2 v = N3AR2 Pv(To‘ K5A22)
ap . K3 To
Ay = —— — Ksp:
A K 7 ’ SPv
2 5 Ay = K3Ap p2T0
- (p) = pa)c = fpp) (Po = Pple =/f(Ty)
. . | s Kep
Ay =K —_— SA., = Ko A S¥v
v 3‘JKz}’x“' 3 , J—,_ Vo 32 pplTo - K5Ag2)
Au=Ks 2 \Kapp- (a2 '
. Ks P2
6A., = —..5P2
A K | Ay K3A2 Pv(To‘K5A22)
v °R3
, Kz Px %Ay =KzAp |t
Kapa- 7 .K A Kspy
v 7324 poTo
(Po=p2)e = flp2) (py = p2')e = f{To)
Ay = K3A, _ Kapv 54, = KoPy px
I-Kgqhp2 : vere I-K
af2" P2 30, = KeAZ ’__Io__ P2 (l-Kppy)
— YRR K TolagR
6 / __4_p2__
Ay = K3Ap - 2
puil-KaAz®pe) o 6, = Ka Kz P2 px
%Ay = K3hp JT_{ py(1- Kz py)
7 .
Ay = KzAp JK
v 4Py Ay = Ky Ky py

'
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Figure 1, - Schematic diagram of carburetor with compensation b& variation of venturi
area.
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Figure 2. - Schematic diagram of carburetor with compensation by variation of fuel-jet
area. :
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