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1. SCOPE:
The AIR is limited [to a presentation of the historical background, the teéchnical rationalg which
generated the V/L|fuel condition interface requirement in specifications between the aircraft fuel
delivery system and the aircraft engine fuel system, and limitatians*in the usage of the] V/L concept.
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3. HISTORICAL BACKGROUND:

3.1 Early History:

Early reciprocating engine aircraft, prior to WW II, which used wide boiling range high vapor pressure
hydrocarbon fuels (aviation gasoline) were found to be altitude limited due to deficiencies in the
airframe/engine fuel supply system. This situation was caused by the lack of definitive design
requirements in early aircraft specifications. The resolution of this problem was largely
accomplished by the actual physical testing of the design changes installed in the aircraft itself.
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3.2

3.3

Design Parameter Evolution:

During the initial years of WW I, it had been recognized that Net Positive Suction Head (NPSH),
commonly used in the commercial pumping industry for single boiling point fluids, was not adequate
to define the possible two-phase condition that could be generated in aircraft fuel systems using wide
boiling range hydrocarbon fuels. Hence, the Coordinating Research Council (CRC) was asked to
advise on this matter and subsequently provided a section to the CRC Handbook on Vapor Lock
(January 1946 edition) which presented the means for predicting Vapor-Liquid Ratios in dynamic
fuel systems using hydrocarbon fuels (4).

The military then published requirements for turbojet powered aircraft that limited aircraft fuel
delivery systefns 10 3 and then subsequently 4 inChes of mercury line drop (fank g engine inlet) at a
specified flightf altitude, usually 6000 feet, and at the specified engine power setiing identified in the
engine model gpecification (5, 6, 7, 8). The objective of this requirement was, to crpate a worst case
situation, i.e., {No Assistance From Airplane Boost Pump”, at a nominal te high power setting.
Attempts to apply this aircraft system “worst-case” requirement to the.efigine fuel $ystem by
simulated testjtechniques were not entirely satisfactory due mainly to variables pogsible in the test
set-ups which produced inconsistent results. These factors thep-ed the military tojconclude that the
Vapor-Liquid Ratio (V/L) parameter should be used as the designrcriterion for the gondition of fuel at
the aircraft/engine interface. This design and test requiremént was then subsequently incorporated
into engine military specifications (1, 2, 9, 10). Some yearsiater new Military Airciaft Fuel System
Specifications [also incorporated V/L as the design parameter.

Development of V/L Measurement Instrument:

Fuel Pump Pahels in the Aircraft Industries Association (AlA) and the Society of Automotive
Engineers (SAE Panel A-1), circa 1952,.began the joint task of exploring the feasibility of and
initiating the design of a measuring device or meter to physically measure the Vappr-Liquid ratio of
the flowing fluifl at the inlet of a fuelypump during test (11). Several companies subsequently became
interested in the design and development of a V/L meter. Three meters; one based on a light beam
and photo-ele¢tric sensitive plate, one based on a capacitance bridge comparison between a flowing
and a non-flowing test section‘and a later design, currently in use, based on sensihg the average
dielectric constant of theflowing fluid, were designed and tested (12). The use of the V/L meter is
covered later in paragraph 9.
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3.4 V/L Calculation Method (SAE ARP492A):

3.5

3.6

The CRC method of calculating the V/L from known or set test conditions was initially used (4).
Since the V/L calculation method depends on air solubility and vapor equilibrium conditions in the
initial and final states, which is not easily attained or determined, and since the test set-up and test
procedure has a marked effect on the release of dissolved air from fuel, SAE Committee A-16 and
later AE-5 took up the task of standardizing the test set-up and procedure.

SAE ARP492A, “Aircraft Fuel Pump Cavitation Endurance Test”, was then prepared and issued after
a long period of coordination with the Military and Industry (13). It was issued as an Industry
Recommended Practice in 1957. The ARP defines the procedure for testing an aircraft engine fuel
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Design Intent:

wer andssupport sub-systems inoperative.

The design intent of current airframe and engine specifications related to the V/L requirement at the
engine fuel inlet is to insure the continued operation of the engine within a defined flight envelope
upon the unexpected loss of tank booster pumps. It is an emergency capability and pumps to date
have been accordingly designed for limited life when operated at the maximum V/L condition. The
life test in the specifications is also of limited duration compared to the normal operational test.
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4. AIRCRAFT FUEL SUPPLY CONDITIONS:

4.1 Two-Phase Fuel Flow In Aircraft Fuel Supply Systems (15, 16):

4.2

Two-phase fuel flow in relation to an aircraft feed system is defined as a condition where liquid fuel in
combination with a gaseous product, evolved from the fuel, are flowing together in a line from the fuel
tank to the engine inlet.

This occurs as follows: When hydrocarbon fuel is placed in a vented container, it releases or
dissolves air until the sum of the partial pressures of vapor and air within the container equals the
ambient atmospheric pressure. Accordingly, for a given fuel there is an ultimate decrease in the

amount of disgolved air with each increase in fuel vapor pressure or with a decrea

pressure. Sin

dissolved air W
system, whergdin a drop in absolute pressures occurs during climb of an airplane tg
system absolu

product is mai

reduced, the v,

levels which a|
components o
flow (V/L ratio

high V/L ratios. (See paragraph 8.)

Some of the more important factors in the formation of two-phase fuel flow in a feq
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d. The line pH
the fuel in
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Operation of ti

not a problem

cavitation takir

ce a reduction in air pressure above the fuel results in a decreasein
ithin the fuel, it follows that air is evolved from the fuel throughout a

te pressure levels which are high relative to the vapor pressure of fu
nly air which had been previously dissolved in the fuel:“As the press
apor space contains an increasing fraction of fuekvapor until at abs
bproach the vapor pressure of the fuel, the gaseous mixture is main
the fuel. It is for the latter reason that the CRC method of calculati
as used in SAE ARP492A has questionable accuracy at high fuel t

r batch of fuel

brature and changes in temperature

lute pressure of the fuel'subsequent to delivery in the feed line
essure loss and the.degree to which equilibrium conditions are agai
he feed line

ion-"With Assistance From Tank Boost Pump”:

e aircraft fuel supply system “With Assistance From Tank Boost Pu
because the tank mounted fuel booster pumps can operate with so

5e in ambient air
the amount of

| parts of the
altitude. At

el, the gaseous
ure level is

blute pressure

y the volatile

hg the two-phase

bmperatures and

d line are:

n established in

mp” is generally
e liquid boiling or

g-place within the impeller - which must then separate the vapor or|depend upon

reabsorbtion by the fuel. The minimum pressure specified at the engine fuel pump inlet or
connection is usually well above the true vapor pressure of the fuel (5 psi in MIL-E-5007) and at a
condition of zero V/L.
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4.3 Aircraft Operation-"Without Assistance From Tank Boost Pump”:

Operation of the aircraft fuel supply system “Without Assistance From Tank Boost Pump” is the
condition where two-phase flow is encountered. The specification generally requires the aircraft
system to supply and the engine pump(s) to accept, at the specific fuel inlet temperature and V/L
ratio, the fuel required to meet engine performance guarantees within a defined flight envelope. This
condition is an emergency requirement and unless otherwise spelled out in the aircraft and engine
specification applies to steady state operation only.

5. DEFINITION OF VAPOR-LIQUID RATIO (VI/L):

Definition: V/L 3 the equilibrium ratio of vapor volume (actually air and fuel vapor),tg volume of liquid,
both at the samg¢ temperature.

Relationship: In|terms of one volume of Vapor and Liquid, often referred taotas Percent Quality:

V = Vol. of vapo
L = Vol. of liquid|both in same units

V 1-L
Parameter — =|——
L L

Example: Using 0.45 V/L as an example and-substituting:
1-L

0.45 = T or|0.45L=1-1L

Solving for L, L + 0.45L =10r1.45L =1

1
L = —— or 0.6P or 69% liquid
1.45

V=1-L=1-0.69=.31or 31% vapor
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6. EFFECT OF V/L ON PUMP DELIVERY (11):

The term “Vapor Lock” has come to be defined as the change in normal engine performance as the
result of the formation of fuel vapor-air mixtures in the fuel feed system. As such, performance loss
can result (a) from inability of the fuel pump to meet the required volume demand for fuel, and (b) from
disturbances (such as flow and pressure instability) in the fuel metering and/or injection system.
Limiting the subject to the usual case of vapor lock in which the fuel pump is unable to supply the
engine fuel demand, the effect is explained as follows:

6.1 Pump Delivery (Zero VI/L):

Since the majd
positive displa
deals specificg

rity of the turbojet and turbofan aircraft engines manufactured inthefUnited States use
Cement rotary type high-pressure fuel pumps in the main fuel-system, this section
ly with this type rather than the piston or plunger reciprocating punp. Piston pump

delivery, howe
pumps.

The volumetrig
pressure, fluid
assures that tH
defined in a si

Q = Qt-Qg
Qp = Delivery
Qr = Geome
unity)
Qg = Back-dg
Qs = Slip vol
and vis(
OR Qp=(1

This behavior
down to the v3
above knee of

ver, is degraded by the V/L condition of fuel in the same general m

delivery of a rotary pump at steady state conditions (namely rpm, ir

temperature and composition), and when opefated at an rpm and inl
e tooth spaces are ideally filled (operation above the so-called kneg
mplified manner as follows:

- Qs

of pump in fraction of geometrictooth-space in volume units/revolu

livery volume returned to jnlet side per pump revolution in fraction @
ime, a function of pump tooth clearance in the housing, pressure dif
tosity in fraction of-displacement

00 - Qg - Qs)

refers to andncompressible liquid medium which is completely air, g
porizationpressure and is properly boosted to overcome inlet filling
Curve).

nner as for rotary

let and discharge
et pressure which
point), can be

tion

ric tooth-space volume delivered to discharge side per pump revolution (assume

f displacement
ference, speed

s and vapor free
losses (operation
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6.2 Pump Delivery (With V/L):
Pump delivery is degraded by the fact that inlet tooth space is filled with air-gas va
depending on V/L ratio) instead of the solid fuel required for complete tooth filling to
requirements. Pump mechanical damage can also occur from the filling cavitation
effects from compressibility at pump discharge.

The delivery equation is now defined as:

QD = (100 - QB - Qs) - (At)

The first parer]thesis is the normal full liquid delivery of the pump, no air present,
(Ay) is the volumetric effect of air and represents the fraction of pump displacement
vapor are entrained with the liquid.

Tests on a typical spur gear-type pump with oil showed losses in mass delivery ratg
of the curve) almost 40% greater than the % entrained air at pumpdinlet due princij
losses and thd further evolution of soluble air in the oil. Operation with aviation fug
comparable bgcause it too releases soluble air when pressure is reduced.

The above poi
pumps to assy

hts up the need to provide some form ofamp inlet boost for positiv
re proper engine fuel system operation during aircraft suction feed

7. DEVELOPMENT AND DERIVATION OF V/L EQUATION:

por (value
meet engine flow
and implosion

The second factor

lost when air and

es (on the flat part
pally to inlet filling
el would be

e displacement
pperation.

WADC Technical Bulletin 55-422, Part 2, is_the definitive document which draws togeéther the labors of

various individuals and research agenci€sywho contributed to the development of th

predicting vapor
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V/L equation. A
hydrocarbon fue]
purpose of cond
fuel system desi

liquid formation in hydrocarbon fuel systems (14).

bvides an explanation of the basis and use of the various elements f
so, a generalization of the equation is provided to allow its use for g

ensing the/great volume of information into a more readily available
gn edgineer.

b equation for

hat make up the
broader range of

Is than specified in ARP492A (13). This generalization and clarification is for the

package for the

(8
¢
P
<28
P
L
P
[
D™
p
-
S

E ation of ARDAQIA -
== OO+ A5

7.1 Definitions Apph

Ol
oo

7.1.1 VIL, Vapor Liquid Ratio: The equilibrium ratio of volume of vapor (actually air an

volume of liquid, both at the same temperature.

7.1.2

d fuel vapor) to

V/L, Calculation: Involves determining the amount of air that will come out of solution between two

partial pressures (P initial - Pty,p) and (P final - Pty,p) while flowing in a closed system.
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7.1.3 S, Solubility: The air solubility in volume percent, measured at 32 °F and one atmosphere
pressure, which will dissolve in a petroleum liquid when the air in equilibrium with the liquid is at a
partial pressure of 760 mm of Hg. In the basic V/L formula, “S is expressed in units of volume of
air, measured at 32 °F and one atmosphere pressure, dissolved in 100 volumes of fuel at 60 °F.

7.1.4

7.1.5

7.1.6

7.1.7

7.1.8

7.1.9

Note that the computations are based on solubility values obtained at 60 °F fuel temperature.
Appropriate subscripts for “S are used for different stations in the system.

k, Solubility Coefficient: The solubility of non-reactive gases in liquids generally follow Henry’s Law
which states that the mass of gas dissolved in a liquid at equilibrium is proportional to the partial

pressure of t

e gas inthe vapar Ir'uh:qcp with which the solution is in pquilihrium

Stated

mathematicg

Where: S
Pa
k

By definition

The pressurg
pressure. “K
proportional

S;, Volume
one atmosph

S, Volume @
the fuel will g
volumes of t

Sg, Volume

ly, S =k P,.

= volume % of air dissolved; the volume (ml) of air, measured’at 32
atmosphere pressure, dissolved in 100 ml of fuel at 60-2F (17).

= gas solubility coefficient. Determined with the partial pressure of
equilibrium with the fuel at 760 mm of Hg:.
(=S
760 mm of Hg

p is measured in mm of mercury s@'that “k” units are gas volume %/
" varies with temperature and fuel composition. “S” in corrected vol
to the mass of gas dissolved.in the liquid.

pf Air Dissolved: Volume™of air initially dissolved in the fuel, measure
ere pressure in thesvapor phase, per 100 volumes of the fuel at 60

f Air Dissolved: ;Volume of air measured at 32 °F and one atmosphjd
issolve under the lower or final partial pressure of air in the vapor p
he fuel at 60 °F.

f Air-Evolved: Equals S;1-Sy; Volume of air evolved, measured at 33

°F at one

= partial pressure of air in the vapor phase with whichthe solution is in equilibrium.

the air in

mm of Hg partial
ime units is

pd at 32 °F and
PF.

pre pressure that
hase, per 100

°F and one

atmosphere

ressure in the vapor phase per 100 volumes of the fuel at 60 °F.

Ptvp, True Hydrocarbon Vapor Pressure: Physical data in psia obtained from TVP versus
Temperature Curves for various air free hydrocarbon fuel blends at a vapor-liquid ratio of zero.

t, Fuel Temperature: Final equilibrium test temperature in °F of the liquid and vapor phase.
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7.1.10 P, Absolute Pressure: Absolute static pressure in psia of the liquid and vapor phase. Using
subscripts to designate the system stations, P is the initial static absolute pressure; P; is the final

static absolu

te pressure.

7.1.11 P, Partial Pressure of Air: The partial pressure of the air in equilibrium with the liquid. The
absolute static pressure of the liquid and vapor phase in psia minus true vapor pressure of fuel

att°F. P, =
7.2 VI/L Formula:

The basic V/L

P - Prvp-

formula is (fnr \//l ratios less than 1 ﬂ)'

S t+460, 14.7
VIL = L ‘
95.8+0/07, 492 P,
Substituting fof Sy and P,
S1-9 t+460, 14.7
VIL = 1 f , .
95.8+0/07, 492 P,—P

Introducing the
volume %/mm

760
S, = —k (P
14.7
760
and S; = —
14.7
Sg =8S5,-S =

and V/IL = 51.71k

 solubility relationship of S = k P, or kK\(P - P1yp) and changing the
of Hg to gas volume %/psi we obtain:

1 PTVP)

K (Pi=Prp)

51.7 k (P,<P))

(Py—P)  t+460. 147

95.8+0.07, 492 PP

'k” units from gas

=

Reducing the formula further to the form presented in ARP492A, “Appendix I: Calculation of V/L

Ratio” (gatheri

(P1_ Pf) ,

ng together the numerical constants)

t+460

VIL = 1.54 k

(Ps=Prvp)

95.8 + 0.07,
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7.2 (Continued):

“k” Values. The solubility coefficient “k” for fuels can be calculated by the formula in ARP492A,
Appendix |, A.4.1. Additional research however, has shown that the formula is not accurate for
kerosene type fuels (17).

“k” can also be calculated from measured air solubility (S) values for the particular fuel or obtained
from research literature. Some published typical values are (14) (17):

TABLE 1
S, %

FUEL (Solubility Adjusted  (Vol. %k mm Hg

(TYPE) To +32 °F) Partial Press:)
Aviation 20-25 .026 -.0338
Gasoline
JP-4 14-18 ,0185-.024
Kerosene 12-15 .016 -.020

An alternate method of determining “s” canlbe obtained from the “Data Book For Designers”
(reference Appendix A) (18). Obtain the ©stwald Coefficient for AIR from the Gas|Solubility versus
Temperature Qurve at 60 °F (Figure AF=1). Correct the Coefficient for fuel density, fas required. Next
calculate the Bunsen Absorption €oefficient which reduces the volume of dissolved gas to 32 °F and
one atmosphere.

0, 492
T
100" A

A =

S

A = Bunsen Coefficient
O, = Ostwald Coefficient
T = Fuel Temp., °Rankine
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7.3 Explanation of Formula:

To calculate the equilibrium V/L ratio, several correction factors must be applied to the basic
parameter Sy to correct for test conditions other than air measurements at 32 °F, one atmosphere
pressure, and 100 volumes of liquid at 60 °F. These corrections are:

TABLE 2

FACTOR

PURPOSE

9[

—

5.8 +0.07,

1 460

192

A~
M

Corrects for variation of volume of liquid with change
in test temperature. When t = 60 °F this factor withbe
100. The experimental sample of 100 volumes, of fuel
is the volume occupied at a temperature of 60:°F.

Corrects for change in volume of the dir-vapor mixture
with change in test temperature at,constant pressure.
The volume of air that will dissolve in 100 volumes of
fuel at 60 °F is determined at 32-°F and one atmosphe
pressure. The ideal gas law'is then used to calculate
the volume that this gaseous mixture will occupy at (t)
test temperature.

Corrects for change of initial air volume with change
in stream pressure, at constant temperature, by a
pressure ratio calculation. When P is very small

(P absolute static pressure is close to Ptyp) fuel
boiling is a potential possibility.

re
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8. LIMITATIONS ON USE OF CALCULATION METHOD - ARP492A:

8.1

8.2

The calculation method is applicable and accurate only within the bounds of certain assumptions and
constraints. The major ones are (for complete details refer to ARP492A):

Assumptions:

That equilibrium conditions prevail. That is:

1.

Constraints:

1.

The fuel is 100% saturated with air as it leaves the fuel tank and again 100% saturated under the
new conditions at the pump inlet. It is known that the evolution and solution of air in fuel is time

related ang

That the ai
coefficient

The formu

boiling point of the fuel. It does not account for the evolutien of liquid fuel into tk
ir during boiling. Equilibrium hydrocarbon vapor phase must prevail.

would occy
limit, howe

for fuel temperatures above 120 °F and below one“atmosphere pressure (altity
1, grade JP-4, fuel is of questionable,accuracy because of the risk of boiling off

MIL-T-562
significant

When used to set the inlet condition far,a fuel pump cavitation test, the system

ARP492A
of throttling
the approg
from bubbl

| subject to various system geometry variables (14 and 15).

I solubility coefficient (k) of the particular fuel under test is known ar
is known to vary with fuel surface tension and for various petroleum

a used to calculate the V/L ratio is only applicable“for conditions bel

ver, such as a minimum DP over fuel TVR%as been established. U

volumes of the more volatile fractions.

must be strictly followed(if industry-wide uniform results are an objec

the supply line to ohtain the desired pressure drops and the size an
ch to the pump are.important. The form of the two-phase flow, whic
e through stratified-flow, has different effects on pump operation.

d accurate. The
fuels (14 and 17).

ow the initial

e vapor phase as
NoO minimum

5e of the formula

de testing) using

setup in

tive. The method
d configuration of
h usually varies
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9. USE AND ADVANTAGES OF V/L METER:

The development of a meter to accurately measure the vapor/liquid ratio of the fuel at the engine pump
inlet has been an objective since V/L formation was recognized as an important aircraft fuel system

parameter.

A number of meters based on various physical concepts have been designed and tested with varying
success. The latest and most successful, using industry usage as the criterion, is a full flow
continuous measuring instrument which determines the vapor-liquid ratio of a two-phase non-
homogenous flow by the capamtance prlnC|pIe The portable instrument is composed of two major

elements. A tes
Converter and r

eadout package which can be remotely Iocated The Sensor, whose

to Voltage
sensing elements

are located in a helical pattern as a liner on the inside diameter of the tube, senses the average

dielectric consta
proportional to tf
and V/L = O (liq

ARP492A permi
indicating a pref

Test experience
test conditions o
considered, the
calculation meth
hydrocarbon vay
correlation betw
obtained. At the
expected becau

MIL-E-5007C is{
from airplane bg
and from zero tg
of a cavitation e
certain blends o
or below 135 °F
Flash Vaporizati

t of the flowing fluid and the instrument converts this into ah.output
e percent liquid in the sensor. The scale is calibrated at ¥/ = ¥ (Al
hid) at full scale (100% voltage).

fs the use of a V/L meter (Method 1) or the calculation procedure (M
Brence.

and reasoning indicates that the meter has'the advantage in accura
ver the calculation method assuming it is properly installed and calil
meter senses both the air/gases and hydrocarbon vapor evolved, w
od accounts for only the air evolved and assumes equilibrium condi
or phase. It is generally agreed, based upon testing done to date, {
ben the meter and the calcufation procedure under ARP492A test co
higher test altitudes of 20rand 30K feet tank pressure, the meter, a
e of possible hydrocarbon vapor evolution, reads higher than calcu

sued in 1965 requires engine design and performance capability “w
ost pump” using MIL-T-5624, grade JP-4, fuel at 135 °F from S.I. to
0.45 V/L (19). The companion test specification, MIL-E-5009D, reg
hdurance.test at 20 inch Hg absolute (approximately 10K) and 0.45
MIL<F-5624, grade JP-4 fuel have an ASTM distillation IBP (initial |

this\poses weathering problems during climb to tank test altitude (lo
n=0f the fuel due to sudden reduction of pressure can occur at simt

voltage
R) at zero voltage

ethod 2) without

cy and range of
prated. All things
hereas, the

tions for the

hat reasonable
nditions has been
5 might be

lated.

ith no assistance

30K feet altitude
uires completion
V/L. (20) Since

oiling point) near
5s of RVP). Also,
lated altitudes as

low as 23K feet thus creating test difficulties and measurement inaccuracies during a design and

performance tes

t.
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