Chapter 3

Weighing the Aircraft and
Determining the Empty-Weight

Center of Gravity

Chapter 2 explained the theory of weight and balance and
gave examples of the way the center of gravity could be
found for a board loaded with several weights. In this
chapter, the practical aspects of weighing an airplane and
locating its center of gravity are discussed. Formulas are
introduced that allow the CG location to be measured in
inches from various datum locations and in percentage of
the mean aerodynamic chord.

Requirements

Weight and bal anceisof suchvital importancethat eachAMT
maintaining an aircraft must be fully aware of his or her
responsibility to provide the pilot with current and accurate
information for the actual weight of the aircraft and the
location of the center of gravity. The pilot in command has
the responsibility to know the weight of the load, CG,
maximum allowable gross weight, and CG limits of
theaircraft.

The weight and balance report must include an equipment
list showing weights and moment arms of al required and
optional items of equipment included in the certificated
empty weight.

When an aircraft has undergone extensive repair or major
ateration, it should be reweighed and a new weight and
balancerecord started.

Who's responsible?

AMTs must provide the pilot with current and accurate aircraft weight
information and where its EWCG is located.

The pilot in command has the responsibility to know the weight of the
load, CG, maximum allowable gross weight, and CG limits of
the aircraft.

Equipment for Weighing

There are two basic types of scales used to weigh aircraft:
scales on which the aircraft isrolled so the weight is taken
fromthewheels, and electronicload cells placed betweenthe
aircraft jack and the jack pads on the aircraft.

Someaircraft areweighed with mechanical scalesof thelow
profiletypesimilar to those shownin Figure 3-1.

Large aircraft, including heavy transports, are weighed by
rolling them onto weighing platforms with electronic
weighing cellsthat accurately measure the force applied by
theweight of the aircraft. [Figure 3-2]

Electronic load cells are used when the aircraft is weighed
by raising it on jacks. The cells are placed between the jack
and the jack pad on the aircraft, and the aircraft israised on
thejacksuntil thewheelsare off thefloor and theaircraftis
inalevel flight attitude. The weight measured by each load
cell isindicated onthe control panel.

Mechanical scales should be protected when they are not
in use, and they must be periodically checked for accuracy
by measuring aknown weight and noting any errorsdetected.
Electronicload cellsnormally haveabuilt-in calibration that
allows them to be accurately zeroed before any load
isapplied.

L oad cell: A component in an
electronic weighing system placed
between the jack and the jack pad on
the aircraft. The load cell contains
strain gauges whose resistance
changes with the weight on the cell.
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Figure 3-1. Low profile platformscales are used to weigh some air craft. One scaleis placed under each wheel. (Photo courtesy

General Electrodynamics Corp.)

Figure 3-2. Weighing platformsaccurately measure the weight of
largeaircraft without having to raisetheair craft off the ground.
(Photo courtesy General Electrodynamics Corp.)

Specific Gravity

Both the heat energy available and the weight of the fuel are
determined by its specific gravity (s.g.), and this in turn is affected by
its temperature. Cold fuel has a higher s.g. and therefore weighs more
per gallon than warm fuel, and since the heat energy content is
measured in Btu or Calories per pound or kilogram, cold fuel has more
heat energy per gallon than warm fuel.

Preparation for Weighing

Themajor considerationsin preparing an aircraft for weigh-
ing are discussed below.

Weigh Clean Aircraft Inside Hangar

The aircraft should be weighed inside a hangar where wind
cannot blow over the surface and cause fluctuating or false
scalereadings.

The aircraft should be clean inside and out, with special
attention paid to thebilge ar eato be sure no water or debris
istrapped there, and the outside of the aircraft should be as
freeaspossible of al mud and dirt.

Equipment List

All of therequired equipment must be properly installed, and
there should be no equipment installed that is not included
in the equipment list. If such equipment is installed, the
weight and balance record must be corrected to indicateit.

Bilge area: The lowest part of an
aircraft structure in which water and
contaminants collect.



Ballast
All required per manent ballast must be properly secured
inplaceand altemporary ballast must beremoved.

Draining the Fuel

Drain fuel from the tanks in the manner specified by the
aircraft manufacturer. If there are no specific instructions,
drainthefuel until thefuel quantity gaugesread empty when
theaircraft isin level flight attitude. Any fuel remaining in
the systemiscalled residual, orunusable fuel andispart of
theaircraft empty weight.

If itisnot feasibleto drain the fuel, the tanks can be topped
off to be sure of the quantity they contain and the aircraft
weighed with full fuel. After the weighing is complete, the
weight of thefuel and itsmoment are subtracted from those
of the aircraft asweighed. To correct the empty weight for
theresidual fuel, add its weight and moment. The amount
of residual fuel anditsarm arenormally foundinNOTE 1in
the section of the TCDS, “Data Pertaining to All Models.”
See “Fuel Capacity” on Page 2-11.

When computing the weight of the fuel, for example atank
full of jet fuel, measure its specific gravity (s.g.) with a
hydrometer and multiply it by 8.345 (the nominal weight of
1 gallon of pure water whose s.g. is 1.0). If the ambient

temperatureishigh and thejet fuel in thetank ishot enough
for itsspecific gravity to reach 0.81, rather thanitsnominal

s.g. of 0.82, the fuel will actualy weigh 6.76 pounds per
gallon rather than its nominal weight of 6.84 pounds
per galon. The standard weight of aviation gasoline (Avgas)
is6 pounds per gallon.

Oil

The empty weight of aircraft certificated under the CAR, Part
3 does not include the engine lubricating oil. The oil must
either bedrained beforethe aircraftisweighed, or itsweight
must be subtracted from the scale readingsto determinethe
empty weight. Toweigh an aircraft that does not include the
enginelubricating oil aspart of the empty weight, placeitin
level flight attitude, then open thedrain valvesand alow all
of the oil that is able to, to drain out. Any oil remaining is
undrainableoil and is part of the empty weight. Aircraft
certificated under 14 CFR, Parts 23 and 25 includefull oil as
part of the empty weight.

Permanent ballast: A weight
permanently installed in an aircraft
to bring its center of gravity into
allowable limits. Permanent ballast is
part of the aircraft empty weight.

Temporary ballast: Weights that
can be carried in a cargo
compartment to move the location of
the CG for a specific flight condition.
Temporary ballast must be removed
when the aircraft is weighed.

Unusable fuel (GAMA): Fuel
remaining after a runout test has
been completed in accordance with
governmental regulations.

If itisimpractical todraintheoil, thereservoir can befilled
to the specified level and the weight of the oil computed at
7.5 pounds per gallon. Then its weight and moment are
subtracted from the weight and moment of the aircraft
as weighed. The amount and arm of the undrainable oil are
foundin NOTE 1 of the TCDS, and thismust be added to the
empty weight.

Other Fluids

Thehydraulicfluid reservoir and al other reservoirscontain-
ing fluidsrequired for normal operation of theaircraft should
befull. Fluidsnot considered to be part of the empty weight
of the aircraft are potable (drinkable) water, lavatory
precharge water, and water for injection into the engines.

Configuration of the Aircraft

Consult theaircraft service manua regarding the position of
the landing gear shock struts and the control surfaces for
weighing; when weighing a helicopter, the main rotor must
beinitscorrect position.

Jacking the Aircraft
Largeaircraft are often weighed by rolling them onto ramps
in which load cells are embedded. This eliminates the
problems associated with jacking theaircraft of f the ground.
But most smaller aircraft are actually lifted off the ground
onto scalesor load cells.

Y ou must exercise special care when raising an aircraft on
jacksfor weighing. If theaircraft has spring steel landing gear
anditisjacked at thewhed , thelanding gear will dideinward
astheweight istaken off of thetire, and care must betaken
to prevent thejack from tipping over.

For some aircraft, stress panels or plates must be installed
beforethey arerai sed withwing jacks, to distributetheweight
over the jack pad. Be sure to follow the recommendations
of the aircraft manufacturer in detail anytime an aircraft is
jacked. When using two wing jacks, take special care to
raise them simultaneously, keeping the aircraft level so it
will not dlip off the jacks. Asthe jacks are raised, keep the
safety collars screwed down against the jack cylinder
to prevent theaircraft fromtilting if one of thejacksshould
lose hydraulic pressure.

Undrainable oil: Oil that does not
drain from an engine lubricating
system when the aircraft is in the
normal ground attitude and the drain
valve is left open. The weight of the
undrainable oil is part of the empty
weight of the aircraft.

Residual fuel: Fuel that remains in
the sumps and fuel lines when the
fuel system is drained from the inlet
to the fuel metering system, with the
aircraft in level flight attitude. The
weight of the residual fuel is part of
the empty weight of the aircraft.



Leveling the Aircraft

When an aircraft is weighed, it must be in its level flight
attitude so that all of the componentswill beat their correct
distance from the datum. This attitude is determined by
informationinthe TCDS. Someaircraft requireaplumbline
to be dropped from aspecified location so that the point of
theweight, the bob, hangsdirectly aboveanidentifiable point.
Othersspecify that aspirit level beplaced acrosstwoleveling
lugs, often special screws on the outside of the fuselage.
Other aircraft call for aspirit level to be placed on the upper
door sill.

Lateral level is not specified for all general aviation (GA)
airplanes, but provisions are normally made on transport
airplanesand helicoptersfor determining both longitudinal
and lateral level. This may be done by built-in leveling
indicators, or by a plumb bob that shows the conditions of
both longitudinal and lateral level.

The actual adjustmentsto level the aircraft using load cells
are made with the jacks. When weighing from the wheels,
levelingisnormally done by adjusting theair pressureinthe
nosewheel shock strut.

Determining the Center of Gravity

Whentheaircraftisinitslevel flight attitude, drop aplumb
line from the datum and make a mark on the hangar floor
below thetip of thebob. Draw achalk linethrough thispoint
paralel to the longitudinal axis of the aircraft. Then draw
|ateral linesbetween the actual weighing pointsfor themain
wheels, and make a mark along the longitudinal line at the
weighing point for the nose wheel or the tail wheel. These
lines and marks on the floor allow you to make accurate
measurements between the datum and the weighing points
to determinetheir arms.

Safety Considerations

Special precautions must be taken when raising an aircraft on jacks.

1. Stress plates must be installed under the jack pads if the manu-
facturer specifies them.

2. If anyone is required to be in the aircraft while it is being jacked,
there must be no movement.

3. The jacks must be straight under the jack pads before beginning
to raise the aircraft.

4. All jacks must be raised simultaneously and the safety collars
screwed down against the jack cylinder to prevent the aircraft tip-
ping if any jack should lose pressure.
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Figure 3-3. Thedatumislocated at thefirewall.

Determinethe CG by adding theweight and moment of each
weighing point to determine the total weight and total

moment. Then dividethetotal moment by thetotal weight to
determine the CG relative to the datum.

Asan exampl e of locating the CG with respect to the datum,
whichinthiscaseisthefirewall, consider thetricyclelanding
gear airplanein Figures 3-3 and 3-4.

When the airplane is on the scales with the parking brakes
off, place chocksaround thewheelsto keep the airplanefrom
rolling. Subtract theweight of the chocks, called tareweight,,
from the scale reading to determine the net weight at each
weighing point. Multiply each net weight by its arm to
determine its moment, then determine the total weight and
total moment. The CG is determined by dividing the total

moment by the total weight.

Total moment

Total weight

63,756

2,006

32.8 inches behind the datum

Theairplanein Figures 3-3 and 3-4 hasanet weight of 2,006
pounds, and its CG is 32.8 inches behind the datum.

CG=

Two Ways to Express CG Location

The location of the CG may be expressed in terms of inches from a
datum specified by the aircraft manufacturer, or as a percentage of
the MAC. The location of the leading edge of the MAC, the LEMAC,
is a specified number of inches from the datum.

Tareweight: The weight of any
chocks or devices used to hold an
aircraft on the scales when it is
weighed. The tare weight must be
subtracted from the scale reading to
obtain the net weight of the aircraft.



Weighing Paint Scale Reading Tare Nst Weight Arm Morment cG
{1k} (Ib) (1) {in) {Ib-in)

Right sicle 246 15 5an 4a.0 328,180

Left side B52 16 BaG 45.0 38,406

MNose 248 B 40 -32.0 -10.380

Total 2006 65 786 328

Figure 3-4. Locating the CG of an airplanerelative to the datumwhich islocated at thefirewall. See Figure 3-3.

Empty-Weight Center
of Gravity Formulas

A chart likethe onein Figure 3-4 hel psvisualizetheweights,
arms, and moments when solving an EWCG problem, but it
isquicker to determinethe EWCG by using formulasand an
electronic calculator. Theuseof acal culator for solving these
problemsisdescribed in Chapter 8.

There are four possible conditions and their formulas that

relate the location of the CG to the datum. Notice that the

formula for each condition first determines the moment
Fl: o R x D

of thenose ( e :] whedl or tail ( 5 :] wheel and then

divides it by the total weight of the airplane. The arm thus
determined isthen added to or subtracted from the distance
between the main wheels and the datum, distance D.

Nosewhed arplaneswiththedatumforward of themainwheds

FxL
CG=D- ( = )
Nosewheel airplaneswith the datum aft of the main wheels
Fxl
CG=- (D B )
Tall whed arplaneswiththedatum forward of themainwheds
R x I
CG=D+ ( - )
Tail wheedl airplanes with the datum aft of the main wheels
_ R xL)
CG=-D+ (_W

Determining the Location of the CG

1. Determine the location of the CG relative to the main-wheel weigh-
ing points. This is the {BxLy or {E2 LY part of the formula.
9P (&h o Gae

2. Convert the location of the CG measured from the main-wheel
weighing points to the location measured from the datum or the
LEMAC.

Datum Forward of the Airplane—
Nose Wheel Landing Gear

Thedatum of theairplanein Figure 3-5is100inchesforward
of theleading edge of thewing root, or 128 inchesforward
of the main-wheel weighing points. Thisisdistance(D). The
weight of thenosewheel (F) is 340 pounds, and the distance
between main wheels and nose wheel (L) is 78 inches. The
total weight of the airplane (W) is 2,006 pounds.

Cratum

Figure 3-5. Thedatumis 100 inchesforward of the wing root
leading edge.

Determine the CG by using thisformula:

ca=- ()

=126 - (M

2.006
=114.8

The CGis114.8inchesaft of thedatum. Thisis13.2inches
forward of the main-wheel welighing pointswhich provesthe
location of the datum has no effect on thelocation of the CG
solong asall measurementsare madefrom thesamelocation.



Datum Aft of the Main Wheels—
Nose Wheel Landing Gear

The datum of some aircraft may be located aft of the main
wheels. The airplane in this example is the same one just
discussed, but the datumisat theintersection of thetrailing
edge of the wing with the fuselage.

Thedistance (D) between thedatum of theairplanein Figure
3-6 and the main-wheel weighing pointsis 75 inches, the
weight of the nosewhedl (F) is 340 pounds, and thedistance
between main wheels and nose wheel (L) is 78 inches. The
total net weight of theairplane (W) is 2,006 pounds.

Datum

- 183.0 -
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Figure 3-6. The datumis aft of the main wheels at thewing
trailing edge.

The location of the CG may be determined by using this
formula:

F:;L)

s 202

CG=_@+

=-832
The CG location is anegative value, which meansit is 88.2
inches forward of the datum. This places it 13.2 inches
forward of the main wheels, exactly the samelocation asit
waswhen it was measured from other datum locations.

Location of Datum

It makes no difference where the datum is located as long as all
measurements are made from the same location.

Datum Forward of the Main Wheels—
Tail Wheel Landing Gear

L ocating the CG of atail wheel airplaneisdoneinthe same
way as locating it for a nose wheel airplane except the
formulasuse (R X LT] rather than (F x L) .

W W

Thedistance (D) between thedatum of theairplanein Figure
3-7 and the main-gear weighing points is 7.5 inches, the
weight of the tail whedl (R) is 67 pounds, and the distance
(L) between the main-wheel and the tail wheel weighing
pointsis222 inches. Thetotal net weight of theairplane (W)
is1,218 pounds.

Datum

224.5

Figure 3-7. Thedatum of thistail wheel airplaneis7.5inches
forward of thewing root leading edge.

Determine the CG by using thisformula:
Kx L.)
W

=75+ (e )

CG=D+(

=197
The CG is 19.7 inches behind the datum.



Datum Aft of the Main Wheels—
Tail Wheel Landing Gear

The datum of the airplane in Figure 3-8 is located at the
intersection of thewing root trailing edge and the fuselage.
This placesthe arm of the main gear (D) at —80 inches. The
net weight of the tail wheel (R) is 67 pounds, the distance
between themain wheelsand thetail wheel (L) is222 inches,
andthetotal net weight (W) of theairplaneis 1,218 pounds.

Dabum
678 »

Figure 3-8. The datumis aft of the main wheels, at the
inter section of thewing trailing edge and the fuselage.

Sincethe datum is aft of the main wheels, usethisformula:
Ex L)

W

(6? w» 222)

CG=—D+(

1,218

=—6H7.8

The CGis67.8inchesforward of the datum, or 12.2 inches
aft of the main-gear weighing points. The CG isin exactly
the samelocation rel ative to the main wheel s, regardl ess of
wherethe datum islocated.

Location with Respect to the
Mean Aerodynamic Chord

AMTsare primarily concerned with the location of the CG
relativeto thedatum, anidentifiable physical location from
which measurements can be made. But because the aero-
dynamic characteristics of awing relatetoitschor d length,
pilots and flight engineers are more concerned with the
location of the CG rel ativeto the chord; and because the mean,
or average, physical chord of atapered wing is difficult to
measure, themean aer odynamic chord (MAC) isused. The
alowable CG rangeisexpressed in percentagesof theMAC.

MAC and CG

The location of the CG with respect to the mean aerodynamic chord
is important to the flight crew because it predicts the handling
characteristics of the aircraft.

TheMAC, asseeninFigure 3-9, isthe chord of animaginary
airfoil that hasall of the aerodynamic characteristics of the
actual airfoil. It can also be thought of as the chord drawn
through the geographic center of the plan areaof thewing.

Dabum

=y --- LEMAC

TEMAC

=

Figure 3-9. TheMAC isthe chord drawn through the
geographic center of the plan area of thewing.

Therelative positionsof the CG and the aerodynamic center
of lift of thewing have critical effects on theflight charac-
teristicsof theaircraft. Consequently, relatingthe CGlocation
to the chord of the wing is convenient from a design and
operations standpoint. Normally, an aircraft will have
acceptable flight characteristics if the CG is located
somewherenear the 25% average chord point. Thismeansthe
CGislocated one-fourth of thetotal distance back fromthe
leading edge of thewing section. Such alocation will place
the CG forward of the aerodynamic center for most airfails.

Mean aerodynamic chord (MAC):
The chord of an imaginary airfoil
that has the same aerodynamic
characteristics as the actual airfoil.

Chord: A straight-line distance
across a wing from leading edge to
trailing edge.



In order to relate the percent MAC to the datum, all weight
and balance information includes two items: the length of
MAC ininchesand thelocation of theleadingedgeof MAC
(LEMAC) ininchesfrom the datum.

The weight and balance data of the airplane in Figure 3-10
states that the MAC is from stations 1022 to 1198 and the
CGislocated at station 1070.

MAC =1198-1022=176inches

LEMAC = station 1022

CG is 48 inches behind LEMAC (1070 — 1022 =
48inches)

Thelocation of the CG expressed in percentage of MAC is
determined using thisformula:

; Distance aft of LEMAC > 100
CGin% MAC = MAC

48 x 100
- 176
=273

The CG of theairplaneislocated at 27.3% MAC.

Datum

SGtation
1022

LEMAZ

Itissometimesnecessary to determinethel ocation of the CG
ininchesfromthedatumwhenitslocaionin% MACisknown.

The CG of theairplaneislocated at 27.3% MAC
MAC=1198-1022=176inches
LEMAC = station 1022

Determinethelocation of the CG ininchesfrom the datum
by using thisformula:

CGinches MAC »x €0 % MAC
from daum — EEMC 100
176273
= 1,022 + 100
= 1,070

The CG of thisairplaneislocated at station 1070 which is
1,070 inches aft of the datum.

Itisimportant for longitudinal stability that the CG belocated
ahead of the center of lift of awing. Sincethe center of liftis
expressed as a percentage of the MAC, the location of the
CGisexpressed in the sameterms. See Chapter 6 for more
about using % MAC in weight and balance technology, in
“Weight and Balance Control — L argeAircraft.”
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Figure 3-10. Largeaircraft weight and balance cal culation diagram.

Leading edge of MAC (LEMAC):
Leading Edge of the Mean
Aerodynamic Chord.

TEMAC: Trailing Edge of the Mean
Aerodynamic Chord.



