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ANALYSIS OF ALTITUDE COMPENSATION SYSTEMS FOR


By Edward W. Otto 

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

An approximation of the theoretical air-flow equation has been 
presented for carburetor use that has a xnaxinirn deviation of ±1.5 per-
cent from the theoretical 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 venturi as a function of air density; 
this method also offers the advantage of Increased air-flow capacity 
at altitude. Mr-side compensation, or variation of the effective 
venturi pressure drop, as used in present carburetors was found to 
be one of the more complicated methods. 

ThTRO]XJCTION 

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 aircraft engine is affected 
to a considerable extent by the accuracy of fuel metering, an 
analysis of the fuel-metering characteristi. ce of the aircraft 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 requlrements 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 PRO24 

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 
must be maintained between certain limits to provide an in.flRible 
mixture and should be controlled. accurately enough to provide 
metering at the mxlmnm-economy or at the 'imum-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 beoe necessary to use the characteristics of the 
air-flow measuring device to control fuel flow. 

Air-Flow Meaaurement 

The air-flow measuring element used In a carburetor should be 
accurate and reliable, provide a simple measurable indication of air 
flow, and have a	 1 pressure loss • The venturi 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 air-flow equation of the 
venturi imist be known. This equation should first of all be theo-
retically correct. Approximatlons to it may then be made If such 
approximatIons are necessary to simplify the carburetor design. 
The theoretical equation for air flow through a venturi is developed 
In &ppendix A and. an approximation of this equation, which has a 
maxlmnm deviation from the theoretical equation of about *1.5 per-
cent over the air-flow range, is as follows: 

= (0.985) 2 C2 .A2	 P2 (p - P2)	 (1) 

(AU symbols are defined In appendix B.) 

Equation (1) indicates that for a constant-area venturi, three 
variables (P2, T0, and P0 - 2) 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 fue]. flow. Because the pressure loss of the element 
is usually irnmportant, there is considerable latitude of choice in 
selecting a fuel-flow element. Special fuel-flow elements, called. 
metering jets, have generally been used. in carburetors principally 
because of ease of menufacture, duplication, and. calibration. These 
jets have more or leas rounded. entrances and a throat section with 
a large length-to-diameter ratio, and. therefore have characteristics 
very similar to those of a flow nozzle. The equation for flow of a 
liquid throu.gh a flow nozzle, developed in appendix A, is as follows: 

	

(w')2 = (C') 2 (A2')2 2g p ' (ri' - P2')	 (2) 

Correlation of Air flow and Fuel flow 

For a constant fuel-air ratio, the characteristics of the air 
venturi must be correlated with the characteristics of the ftiel 
jet. Equations (1) and. (2) mey be conbined to form the following 
relation:

(0.985)2 C2 A22 	 (p - p2) 
___	 PT0 0 

(w')2 = (c')2 (A2')2 2g p' (p1 ' - p21) 

or

K	 2	 (P0 -	
= ()2 

(t •_ p2 )	 (3) 

where

- (o.9s5	 (w')2 C2 
- P p' w2 (C')2 

In which p' is assumed constant. The term p2/T0 mey be con-
sidered a fictiticas density p. Equation (3) then becomes 

K1 2	
(P0 - p2) = (A2' )2 (pf - p2')	 (4)
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where

K1 = KR 

because
p2 

px = 

In equations (3) arid (4), the terms p 2 , T0, and. P0 - p2 
are independent variables. All other terms (except K or K1) 
may be made to depend on these lnd.epend.ent variables. Carburetion-
design practice has been to equate the air-pressure drop P0 - p2 
to the fuel-pressure drop P1 ' - 2'• (In most service carburetors, 
a compensated value of P0 - p2. is equated to p' - p2'; however, 
this Is a mathod. of compensating for variat±ons in the density p1 
and. will be discussed later in the report.) In the float-type 
carburetor, the pressure drop P0 -	 is equated to the pressure 
drop p1' - p2 ' by Introducing the pressure P0 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 o - p2 is usually equated to the pressure drop p' - p2' 
through the use of a set of balanced diaphragms. Any unbalance 
of the diaphragms 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 hi gh fuel-nozzle pressures 
posai.ble, and adaptability to poe.tIve metering control, only 
this type of carburetor Is considered in the following analysis 
of density-compensation systems. Soms of the systems that will 
be discussed may, however, be readIly applied to float-type 
carburetors. 

ANALYSIS OF SEVERAL DISITY PasAa'ION SYS'TEMS


Methods of Density Compensation 

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

(1) The pressure difference P0 -	 may be equated in a con-




stant ratio to the pressure difference p-j' - ps', with the area 
A2' held constant and. the area A2 made a function of the density 
p1.
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(2)The pressure difference P0 - p may be equated in a con-
stant ratio to the pressure difference p ' - p2 ' with the area A2 
held. constant and the area A2 ' made a function of the density p. 

(3)The areas A2 and. A2' may be held constant, the pressure 
difference pa" - p2' combined with the density 	 and the 
resulting compensated. pressure difference equated in a constant 
ratio to the pressure difference P0 - p2. 

(4)The areas Ae and A2' may be held constant, the pressure 
difference P0 - P2 combined with the density p, and. the 
resulting compensated pressure difference equated In a constant 
ratio to the pressure difference P1 ' - 

(5)Any of the variables P0 - p2 , p1 ' - p2 ', A2 , or A2, 
or their effective values, may be made functions of the pressure 
p2 or the temperature T 0, as long as P0 -	 and p' - P2' 
or their compensated values are equated in a constant ratio. 

•	 In each of the foregoing methods except, method (5), it lB 
assumed that a device is available that wlU give an accurate mdi-
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, P0 - P2 is equated to P1 ' - p2' by use of the air-
dIaphrau assembly. Equation (4) then becomes 

Kj: A22 Px = 

Solving for A2 results in

= A2 ' AIK].lpx	 (5) 

which expresses the required relation of' 	 for perfect 
compensation. 

Compensation by this method also has 'an advantage in that as

becomes smaller, the area A2 becomes larger, which means that
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at altitude the air-flow capacity of the variable-area-venturi car- - 
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 P0 - P2 is equated. to l ' - p2 ' by the 
diaphran assembly, and. equatIon (4) then becons 

K1 A.2 p = 

Solving for A2' results in 

A2' = A2 JK1 p1	 (6) 

which expresses the required relation of A2 ' and p for perfect 
compensat'Ion. This system would probably be difficult to manufacture 
because of the necessarily small area of the fuel jet. 

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 A2 and. A2' are con-
stant and the effective or compensated. fuel-jet pressure differential 
is equated to P0 - . From equation (4), the compensated. fuel-
pressure differential nnist equal a constant tInes the ratio of the 
unconipensated fuel-pressure differential p1' - p2 ' and. the density 
P1 for perfect compensation. In mathematical form this relation is 
expressed as

p1t - p2' 

- 2c = K2 P1	
(7) 

where the subscript c designates the compensated value and. 

A22 K1 
K2 =
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Four thods 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 negUgible. 

(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 thrigh the courpensation system Is con-
stant. 

The system shown in figure 3(a) consists 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 	 ' - p2 ' ) equals P0 - p2.

The flow through the compensation system may be expressed. by an 
adaptation of equatIon (2). 

(w1 ')2 = 2g (Cf')2 ()2	 (p - p2) 

= 2g (C ')2 (A7') 2 P' (Pt ' - 2') 

Solving this equation for (A7 ')2 results In the following 
expression:

(Cf')2 (f)2 (p - p2) 
(A,')2 =
	 1C 1)2 (p, 1 - p2)	

(8) 
'V 

The required relation of the various pressures to density p for 
perfect compensation Is given by equation (7), which Is revritten 
in the notation of figure 3(a) as follows:
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- P2'
(9) 

In order to determine the required. variation of the area A7 ' with 
density, it is first necessary to express equation (8) in terms of 

:_. It will be noted. from figure 3(a) that 

- P2 ' = (1' - p2') - (p0 - 

Substitution of this expression for p.,,,' - p2 ' in equation (8) 
results in

-	 (Cf')2 (t)2 (P0 - P2) 

-	 " [(pi t -	 - (p0 - p2)] V1 

Simpl1fyin yields

(Cf')2 (t)2 (t)2 

= (c')2 (Pu
l - P2' - 

P0 - p2 

Conibining this expression with the equation expressing the relation 
that must hold f or perfect compensation (equation (9)) results in 

(Cf ') 2 (A')2 

(A')2 •= (c')2 (	 p - 1) 

or

= K' (K2 
p - 1)	 (10) 

where
C 'A' 

K3' = 

This system will compensate perfectly if the area of the variable 
restriction A7 ' is varied with density p as expressed by equa-
tion (10).
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Figure 3(b) represents a system similar to the one just described, 
except that the positions of the fixed and variable restrictions are 
reversed. It can be shown by a method. similar to the preceding method 
that the required. variation of A' with density p1 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 

(w1 ') 2 = 2g (Cf')2 (t)2 p (p0 - p2) 

= 2g (c')2 (A')2 p' (p1 ' - 

Solving for (t)2 yields 

= (c')2 (A')2 (p0 - P2 ) (I)2	
, 2 

	

(v	 (Pj -P2') 

The equation f or perfect compensation (equation (7)) with the nota-
tion of figure 3(o) is

p1 •.p2 
P0-p2= K2p1 

or

	

P0-p2	 1 
P]' - p2' = K2 x 

Combining these two equations results in 

(C')2 (t)2 
(i)2 = 

(c ') 2 Ka Px 

or

A ' =K3'fjK1p	 (U)
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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 A.ç ' with density 

Is the same as equation (11). 

Compensation by Variation of Effective Value of 

H 1'

In a system that compensates for density by varying the effec-
tive value of the venturi pressure drop P0 - P2, the areas A2 
iid A2' are constant and the effective or compensated. value of 

- P2 Is equated to Pj' - P2'• For perfect compensation with 
this system, the compensated value of P0 - P2 mast be equal to a 
constant times the product of the uncompensated value of P 0 - 
and the d.ensity p1 . In mathematical form this relation is expressed 
as

(P0 - P2)c = K2	 (p0 - p2)	 (12) 

Four methods of varying the effective value of the venturi 
pressure drop P0 - 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 
series. The pressure differential P0 - P2 is Imposed across the 
restrictions in series and. the compensated pressure difference is 

Venturi Pressure Drop
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obtained from the pressure drop across the fixed restriction. The 
notation is as in1icated., where P0 -	 is equal to (P0 - p2). 
The flow through the compensation system may be expressed by an 
adaptation of equation (1). 

= (0.985)2 2g C 2 Aj.	 (P0 - 

- (0.985) 2 2g	 2 .
	 - p2) B 

Solving this equation for A2 results in the following expression: 

- Cf2 f2	 (P0 - p) (13) 
- C2P2(p-p) 

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

P0 - p (14) 

In order to determine the required relation of A to 	 or other 
variables that may be involved, it Is necessary to express the 
(p0 - p )/( p, - P2) term of equation (13) in terms of 
(P0 - p)/(P0 - p2). It will be noted from an examination of' fig-
ure 4(a) that

- p2 =	 - p2 ) - (p0 - 

Substitution of this expression for 	 - p2 in equation (13) 
results In

A2_

	

	 Cf2Af2pv(P0pv)


C 2 p2 [(P0-p2) -(Po- p )] V

Cf2 2 
A 2 = (15) 
v	 /P0-p2 

2 p0 - p - 1)
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Because eSuation (14) expresses the required. relation of 
(p0 - p.)/(Po - P2) to d.enaity p1 for perfect compensation, equa-
tions (14) and. (15) nmy be combined. (subject to aforementioned. 
assumption (1)) to find, the area function for perfect compensation. 
Sinrplifying yield.s

- :2 A

2	 K2 

-	 P2 (1 -:2p1) 

01'

	

Av=K3	

p7K2p1
(16) 

P2 (:1 - K2 p1) 

where

Cf
'I 4y 

For proper compensation, this system requires that the area of the 
variable orifice be varied. as a function of the d.enaity and. the 
pressure ratio Pv/P2• 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 
nmgnitud.e of this variation is approxite1y proportional to the 
square root of the variation of the pressure ratio. 

Figure 4(b) is a d.iagram of a compensation system similar to 
that used. in s 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). om equation (12) the equation for perfect 
compensation is

Pv_P2=K2PX02) 

and. from equation (1) the equation for flow through the compensation 
system is 

(0.985)2 2g C2 2 P7	
-	

= (0.985) g 0 2 2 2	 - P) B B 

It can be shown by a process similar to the method. previously used. 
that the required. area function for perfect compensation is
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A	
KI P22Px 

=	 P (1 - K2	
(17) 

which is the same as equation (16) except that the pressure ratio 
Pv/P2 Is inverted.. In the conventional carburetor that uses this 
system, this pressure ratio is also neg'ected, which causes errors 
similar to those noted for the previous system. 

A third type of system in use on some carburetors is d.iagraimnat-
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 Indicted. In fIgure 4(c). The 
equation for perfect compensation Is 

P0 -p,=K2	 (o -P2) 

or
P0 -p

(18) 

and the equation for flow through the compensation system Is 

(0.985)2 2g C A 2	 (p0 -	 P B 

or	
Cf2 2 P (Po - 

= Cy2 P2 ( 0 - P2)	
(19) 

Equations (18) arid. (9) may be combined to find, the area function 
for perfect compensation as follows: 

C2 2 ' 
-	 A2 =	 px 

V 

In the development of equation (4) it will be noted. that
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p2 
-	 = 

The preceding equation then becomes 

	

2 -
	 2 Pv K2 

A	 -	 ,,2	 RI:' 
SJV 

When the quantity p/RTo is defined as a fictitious density pa,, 
the preceding equation becomes 

=	 2

K2 p. 

or

A = K3rvIK2 Py	 (20) 

Comparison of equation (20) with equations (16) or (17) indicates 
that compensation by this method. is ich easier because the required 
area of the variable restriction A is a 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 P2, which causes some error at high a1ttude due to the 
change in proportioninent of air 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. Again the assump-
tion is made that the pressure recovery of the venturi is complete 
(that is, the pressure upstream of the venturi equals the pressure 
downstream). The notation is as indicated on figure 4(d). The 
equation for perfect compensation is 

P2 - v = K2 x o 

and the equation for flow through the compensation system is 

(0 .985) 2	 ___________ 

B 2s

2,2 PV(	 )(0.985)222	 2P2 

R	
A	 P0 - p2)
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It can be shown by a process similar to the one used. in the fore-
going discussion that the required area function for perfect com-
pensation is

	

Av = K3 4K2 Py
	 (21) 

where again p1 is a fictitious density composed of the pressure 
at the throat of the compensating venturi and. the stagnation tem-
perature of the system. 

Compensation by Means of Pressure p2 


and. Temperature T0 

The foregoing xnethods 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 investigated where compensation 
for variations in pressure and. temperature are made by separate 
elements. It will be noted from an exaxnination of equation (3) 
that the following additional methods of compensation are possible. 
In all cases, the values of Po - P2 and p' - ' 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 P0 - P2 
and. P1 ' - P2' are Indicated by the subscript c. 

1. (P - p) 0 = f(p2 ) and	 1' - 2'c = f(T0) 

or

	

(p1t - P2 t ) 0 = f(p2 )	 and.	 (P0 - P2)c = f(T0) 

2. A22 = f(p2) and. (A2 ') 2 = f(T0) 

or

(A2 ') 2 = f(p2 )	 and	 = f(T0) 

D
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3. (P0 - i) = f(p2 ) and. A2 2 = f(T0) 

A22 = f(p2 ) and. (P0 -.	 = f(T0) 

4. (P1 ' - p2)0 = f(p2 ) and.	 = f(T0) 

A22 = f(p2 ) and.	 - p2 ) 0 = 

5. (P0 - P2)0 = f(p2 ) and.	 = r(T0) 

= f(p2 ) and. (p0 - p2) 0 = f(T0) 

6. (p1' - P2')c = f(p2 ) and. A2'2 = f(T0) 

= f(p2 )	 (pi' - i') = f(T0) 

The required. relations of the dependent variables, (P1' - p2')0, 
(P0 - P2)c A2 ', and. A2 , to the ind.eperident variables P2 and. 
T 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: 

16 

or 

or

K4 A22 P2 ( o - 2 ) 	 A2' 2	 (p1' - p2')
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where

1(4 K5 = K 

As usual, it is desirable to let the compensated values of (P0 - p2) 
and (p1' - P2') equal each other. Thus the following equations may 
be written

(P0 -	 = (Pi ' - P2')c 

(P0 - p2) 0 = 1(4 (Po - P) (22) 

pl t - P2)o
=	 (t)2 (p1' - p2 ') (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 equation (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 develonent of each 
of these required relations because of the similarity to the methods 
employed In analyzing the foregoing systems f or compensation. The 
required relations, however, for all the possibilities listed in 
items 1 to 6 are shown in table I. The required relations 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 p are listed to the left of 
the rows and the dependent variables as functions of temperature T0 
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 f or the required relations 
are found. at the intersection of the respective rows and columns. 
It. is necessary to select one equation for variation with pressure 
and one for variation with temperature. In cases where the depen-
dent variables are (p1 ' - p2 ' ), or (0 - P2c' the equations are 

given for the required variation of A or A' 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. column. For this case, the equations for the required relations 
are given In terms of density. 

DESI 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 waá 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), thus 
providing good entrance streamlines. 

The actual design of the air- and fuel-flow measuring elements 
should, of course, follow the designs recommended for standard 
venturls 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 compare 'd with a 
fixed-area venturi • The required variation of venturi area with 
density 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 air density is 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 jet 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. These 
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 fixed 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 iero, 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 
was 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 velocity 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 dIaiiter. 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 where 
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. 

Variation 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 
ad.d.it Ion to air density. The two methods employing the w1 1 

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 sane 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 if there 
is no heat loss nor gain in the compensation system. 

When this type of compensation system Is employed, the area 
of the imDact 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 
beflows (reference 1), It appears that it would. be  better to use 
separate pressure- and. temperature-responsive elements, to obtain 
their ratio by a 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 sa design features as previously 
outlined.
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SU1AY OF ANALYSIS 

An analysis of aircraft-carburetor design with emphasis on 
air-flow equations and. density-compensation systems is presented. 
Several theoretically perfect inethod.s of compensating carburetors 
for density are developed. The results of the analysis may be 
sntmn-rized 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 venturi is pre-
sented, which has a maxiimim deviation from,the 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 maxiunim 
air-flow capacity would be increased at altitude. Compensation by 
variation of the fuel-Jet area or by variation of the efféctivé 
fuel-jet differential was also good. Compensation on the air 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. 

Lewis Flight Propulsion Laboratory, 
National .Ad.visory Committee for Aeronautics, 


Cleveland., Ohio, February 18, 1949.
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DEVELOHENT OF FLOW EQJJATIONS FOB FLOW OF COMPRESSThLE


AND INCORESSIBLE FLUIDS TOTJGH 

VENTUBIS AN]) FLOW NO7I 

Compressible Flow 

In the usual equatipns for compressible flow through venturi.s 
and. flow nozzle, correctionfactors are applied, to the hydraulic 
equations and., in general, these equations are not suited. for appli-
cation to automatic measurement and inteation because of the com-
plexity of the correction factors • In this develont, an attempt 
will be me1e to obtain a foim 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 ara. An equation involving 
any other variables (such as static or free-stream temperature). 
could. not be used, for automatic controlapplications without inher-
ent inaccuracies.	 .	 . . 

Bernoulli's theorem for cOmpressible fluids is 

7	 p1V,2.	 7 P2 
7-1p07-1p'7-lP22g	

(Al) 

(All symbols are defined. in appendix 8.) The general equation for 
flow is

W=p1A1V1=p2A2V2	 (A2) 

When. the variables that are capable of automatic measurement are 
considered, It appear that the equation shoild be .eveloped. 
using the conditions at a stagnation point and. at the minimum area. 
Solving equation (Al) for 1 V22 in terms of PO/PO: 8fld. P2/P2' "' 
combiniflg with equation' (A?) results In : • 	 . ..	 . 

____ fPO 
P2 2 2 2g7 = A2 P2	 - 1 p0 p2
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This expression ri.y be put In the general form of the flow equation 
by multiplying the numerator and the denominator of the right-bath 
side by P0 - p2 and rearranging as follows: 

7p2	 (p0 P2\ 
W2 = 2g A22 P2 (P0 - P2) (7 - 1) (P0 - P2 )	 -.)	

(3) 

The adiabatIc relation for pressure and density is 

constant 
P07 - P27 - 

Then 
1 

(Po \7 
Po_) P2

Substituting this expression in equation (A3) gives 

I 2 

(Po\ 
2) 

V2 = Zg A22 P2 (Po - P2) •(7 ; 1) (P
0 - ) 

Dividing the numerator and. the denominator of the bracketed. term by. 
p2 results In	 -	 - 

1 

/P0\(Po\ 7 
I—U—I	 -1 

.2	 2	 \P21P21 w = 2g A2 p2 (P0 - p2)	
- i (P 

- 7	 \P2	 - 

or



jpn\
-3-

-)
"p21 

vi(Po1 
7

= 2g 2	 (p0 (A4) 
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But 2 = p2/RF2 aM T2 cannot be measured. by simple automatic 
means. If the substitution for p2 Ia made and. equation (A4) is


	

nultiplied. by T 0/T0, there Is obtaed. 	 - 

	

p0	 7 

= 2g	 2	 .... (p -	 )	 2.	 (A5) 

The adiabatic relation between temperature and. pressure is 

0	 0 
T2 - 

Equation (A5) then becomes, with the preoedln€ expression in the 
cIenomf tor,

7-]. 
7 

W2 = 2g 2	
( o -	 - 

1	

(A6) 

(-1 
7	 P2i 

or

w =
	 ,J2gp2 (

p0 - p2 )	 (A7) 
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where

	

	 1

I 

(Y -1 
\ P2) a.-	 1-i

(_


	

7 \p2 j	 \p2 

The flow equation is now in a conventional form involving the vari-
ables capable of automatic measurement. Before it can be stated. 
that equation (Al) is a good. form of the flow equation for automatic 
flow measurement, the range of' values of the expansion factor a. 
must be determined. • A plot of a. with pressure ratio P0/p2 for 
air Is shown in fIgure 5 • For air the maximum error incurred, by 
neglecting a. is approximately 3 percent at the critical pressure 
ratio or *1.5 percent if an average value is assumed. 

If the average value of 0.985 is assumed, equation (Al) 
becomes

i2g 2 

	

w = (0.985) A2j Rr0 (P0 - P2)	
(A8) 

For application to an actual venturi, equation (A8) must be multi-
plied by the coefficient of discharge; It therefore becomes 

	

W = c(o.985) A2	 - p2)	 (A9) 

which is a variation of equation (1) In the text. 

Incompressible Flaw 

Bernoulli's theorem for incompressible fluids is 

Po'	 i'	 (v1')2	 P2'	 (v2')2 
=	 + 2g =	 + 2g	

(Alo)
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The equation for fluid flow is 

W'=p'A1 t V1 '=p'A2 'V2 '	 (All) 

Solving equation (Alo) for (V2 ')2 in ternia of V1 ' and p1' 
results in

(P1'	 (v1')2	 P2' 

	

(v2 ') 2 = 2g	 + 2g	 -	
(.Al2) 

The velocity V1' may be obtained in terms of A2 t , A1, and. V2t 
from eq.u.ation (All)

•,	 A2' 

	

V1	 rV2 

After substitution of this expression for V 1 ' in equation (Al2), 
there Is obtained.

2	 2g (Pi' - P2') 

	

(v2)=	 -	 2 
I	

(A2) 
pt Il - L	 (A1')2 

From equation (AU) the weight flow V', then becomes 

I 2g (Pi' - P2') 
W' = p' A2'4/	

()21 V' ['- (Alt)2j 
or in more conventional form 

= _________ i/' (p1 ' - p2 t )	 (A.3) 
- ___ 

(A 2 1)
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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 
P2' 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 Ji - (A2')2/(A1')2, and K, which 
includes the velocity of approach factor and is equal to 

C/iJl - (A2')2/(A1')2. Because it has been found convenient to use 
the letter K to 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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APPEND]I 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 ' area of fixed restriction in compensation system 

A ,A	 area of variable restriction in compensation system 

A1 ,A1 ' area at entrance to metering element 

A2 ,A2 ' area at minimum section of metering element 

C,C'	 coefficient of discharge of metering element 

Cf,Cf ' coefficient of discharge of fixed. restriction in compensatiom 
system 

coefficient of discharge of variable restriction in compen-
sation system 

g	 acceleration due to gravity 

total pressure at stagnation point 

p , p ' variable pressure in compensation system 

static pressure at entrance to metering element 

p2 ,p2 ' static pressure at minimum section of metering element 

R	 gas constant 

T0	 total temperature at stagnation point 

T2	 static temperature at minimum section of metering element 

V1,V1' velocity at entrance to metering element 

112,V2' velocity at minimum section of metering element 

W,W'	 fluid-flow rate
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fluid-flow rate through compensation system 

7	 -ratio of specific heats 

density of incompressible fluid 

p0	 density at staation point 

p1	 density at entrance to metering element 

p2	 density at miniimun section of metering element 

= 

py = pv/R1'o 

K - (0.985) 2 (w') 2 C2 

R p ' w2 (ct)2 

K1 = KR 

K2 = ()2 

CfAf 

Cv 

Cf ' Af' 
K3 =

V 

1C4K5 = K

REFEPENCE 

1. Otto, Edward. W. Analysis of Accuracy of Gas-Filled Beflowa for 
Sensing Gas Density. NACA TN No. 1538, 1948.

29 

(



30
	

NACA TN No. 1874 

TABLE I -ALTITUDE 

A2	 J(T0) A2=J(T0) 

A 2 =J(P2) A2	 J(T0) 

A2 =f(P2) 'A2 = A2
IA2J 2A24 

2	 1(P2) A2 =J(T0)

A2 JRT 

A 2 =J(P21 2A2 =	 K 4 p2 'A2 

( P ,P2 ') C 	 f(P2) A2 = 1(T0) (PI - P)C	 1(P2) A2 =1(T0) 

3A	 K3A2JK	 P2 - (A 2 ) 2 

P , P2C 12
A2 =

___________ 

3Av = K3	 K4A22p2_
2A2' 

= K3A2J_J_

4A	
K3	 I 

( PoP2)c =J(P2) A2 =J(T0 ) (P0 - P2 )	 1( p2 )	 - A 2 =1(T0) 

I 
K3	 (A 2 ) 2 _K 4 p 2

I 
5Av	 K3A2	 2 l-K4A_2 P2 

IK4p22 
6Av = K3 - 'A2

I K4p2 
= K3A2 2A 

(o-P2)c=J(P2) p( (A 2 ) 2 - K4p2) Pv( H K 4 A22 p2) 

7	 -s-. i- Av	 A2.JK4PV
= K 3 A2 j;-j;;-

See fig. I.	 5See fig. 4(a), 

2 See fig. 2.	 6See fig. 4(b). 

3 See figs. 3(a) and 3(b). 	 TSee figs. 4(c) and 4(d). 

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

PI'P2)C	 J(T0 ) OP2C =J(T0) 

A 2 _ tP 2 1i'	 P2C	 J(T0 ) A	 1(P2) (PO-p2)c =f(Toi 

___________ I	 K5p 
5Av	 K3 

J pA)2 T0- K5) 
3A K3A2	

J 
-	

K5 - T(A 2') 2 ______________ 

A2 = jK4P2

______ 
'A2	

JK4P2

I	 K5p2 
6Av = K3 

j Pv ((A)2 To- K5) 

4Av = K3'A2'J

7Av	
K3	 K5p 

2'	 1 ( P2 ) (p,	 P ' )c	 J(To) 1(P2) (P0	 P2)c =J(T) 

.1 5A = K3A2j_K5Pv 
p2(T0 - K5A22) 

3AvK	 jKA2T

I	 K5p2 
6Av = K3A2,J

Pv( Tø	 K 5 A22) 

- K 3'	 fl 
-	 A 2	 <5 TAv	 K 3 A2 J 

(P I ' _ P)c = J( p2) (P0-p2) =J(T0) 

_________
5A	 K3A2 

K3'
3Av=K3A2'%JK ' (A)2

V	 -K5A22) 

-

____________ 

I___K5p 
______ 6Av = K3A2i	 (T	 K 5 A22) 

KJ---L-
4AvKA2'J.j_1__

= K3A2 

(P0 - P2)c	 J ( P2 ) (P	 - P2)C =J(T0)

5A	 K3	
K2pp 

Jp2(I.K2px) 
5
Av - K3A2fl4 -K 4 A 2 2 p2 T0 

3A v	 K3'A 

_

K 4 p 22 
6Av	 K3A 

J=	 p(I-K4A22p2)

= K3'AJ

___________ 

6A	 K3	
K2p2p ____________ 

V	
J(IK) 

7Av = K 3 A 2 JK4p
7A= K3 JK 2 p

w 
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Figure 1. - Schetic diagram of carburetor with compensation by variation of venturi 

area.
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FIgure 2. - SchentIc diagram of carbinetor with compensation by variation of fue1-et 

area.
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