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2. EFFICIENCY CORRELATIONS & INFERENCES 
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3. AIR TO AIR REFUELLING (AAR) 
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Tankers & Operations 
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Laminar (Boundary Layer) Flow Aircraft 
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training for aeronautics and space; attracting young 
engineers.
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Fig. 1 PRODUCTIVITY OF LONG-RANGE TRANSPORT AIRCRAFT (Dollyhigh et al, Ref.1 & McMasters, Ref.2)
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Z = R/X

WFB /

Pt A 
Curve 

 X nm

 R nm 

28%

51% 

44%

61% 

VEMPX 

PRE/X*WP/OEW 

VEOPX 

PRE/X*WP/MTOW

WFB / WP 

Z = R/X

Z = R/X 

PRE / X

 X 

PRE

 R nm

28%

51% 

44% 

61%

Trade fuel for 
payload -D to  A 

REFUEL

Explaining Various Limits in the 
Payload-Range Diagram 

A

D

B757-200 & B747-400 
Note: Data not fully consistent in all SOURCES !

B

A

A

B,

D

R nm

Payload 

lb

Fig.2   TYPICAL PAYLOAD RANGE DIAGRAMS & LIMITS 

MTOW 
Limit 

Max 
Payload

Max Fuel 
Limit 

Range

Payload

Fig. 3  CIVIL AIRCRAFT, WFB / WP & Z = 
R/X RELATIONSHIPS, Pt  A & Pt D 

Parallel Scales of R  for Different X Values 

Fig. 4  CIVIL AIRCRAFT, PRE/X & Z = R/X RELATIONSHIPS, Pt A & D
Parallel Scales of PRE Implied for Different X Values

Fig.5  FACTORS: NANGIA EMISSIONS EFFICIENCY 
VEMPX & NANGIA VALUE EFFICIENCY VEOPX AT Pt D 

Biplane Formations

Fuel pumped 
both ways ! 

LOOK NO PILOTS 
CONTROL ISSUES 
BEING RESOLVED 

AUTONOMY 

Fig. 6 TYPICAL 
AAR OPERATIONS

Night Vision & RARO

 X nm
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WFB = 161269 
WFR = 24943 
WP = 52360 
WOE = 266871

MTOW = 505438 lb

WFB Saved = 65975 [ 43% ] 
Tanker Fuel = 9000  [4% ] 
Total Saving = 37% 

MTOW = 261932 lb 

WEIGHT lb

Distance nm

WFB = 46147 
WFR = 11506 
WP = 52360 
WOE = 151921 

MTOW = 261932 lb 

Distance nm

WEIGHT lb 

Fig. 7   AIRCRAFT WEIGHT VARIATION WITH 
DISTANCE FOR 3000 nm RANGE NO REFUELLING, 

250 PAX., OEWR = 0.58, X = 15077 nm 

Wing Area 1943 sq ft 

3000nm 
MTOW 261932 lb 

Wing Area 1943 sq ft 

29000nm
MTOW 656262 lb 

Wing Area 4868 sq ft

12000nm 
MTOW 860445 lb 

Wing Area 6383 sq ft
6000nm

MTOW 505438 lb 
Wing Area 4868 sq ft

Fig. 9  AIRCRAFT WEIGHT VARIATION WITH DISTANCE FOR 9000 nm RANGE AIRCRAFT (X = 15077nm) 
REFUELLED TWICE  cf  AIRCRAFT WITHOUT REFUELLING, OEWR = 0.47, 250 PAX., S = 4968 ft2, X = 16897

WFB = 263073 
WFR = 32387 
WP = 52360 

MTOW = 656262 lb

WFB = 138441 

WFB Saved = 124632 [ 47% ]
Tanker Fuel = 18000  [6% ] 
Total Saving = 41% 

MTOW = 261932 lb (3000 nm) [38%] 
250 pax, 9000nm 
MTOW 656262 lb 

Wing Area 4868 sq ft

WEIGHT lb 

Distance nm

Fig. 10  COMPARING AIRCRAFT DESIGNED FOR DIFFERENT RANGES, 250 Pax. 

Fig.  8  AIRCRAFT WEIGHT VARIATION WITH DISTANCE FOR 6000 
nm RANGE AIRCRAFT, REFUELLED ONCE  cf  AIRCRAFT WITHOUT 

REFUELLING, OEWR = 0.528, 250 PAX. 3750 ft2, X = 15077 nm 

WFB = 92294
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Total Fuel
(including reserves)

Without AAR 

AAR
Block Fuel

500000

400000

300000

200000

100000

0

FUEL (lb) 

3000                6000              9000            12000 

FIG. 11 VARIATION OF FUEL USED WITH RANGE, 
WITH & WITHOUT AAR, 250 PAX AIRCRAFT 

-60

-40

-20

0

20

40

60

0 2 4 6 8 10

FIG.  13 SAVING IN TOTAL FUEL CONSUMED 

12000
9000
6000
nm 

-60

-40

-20

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10

FIG. 14  % IMPROVEMENT IN PRE / X USING a 3000 nm 
AIRCRAFT WITH AAR, 

VARIATION WITH TANKER FUEL OFF-LOAD

12000

9000

6000
nm 

Using a 
3000nm 
Aircraft 

RT = Fuel Given / Tanker Fuel used 

Fig. 16 F/A-18 FORMATIONS, NASA
Fig.  15  DISPLAY FORMATION 

RT = Fuel Given / Tanker Fuel used 

% GAIN IN PRE / X% Saving in Fuel 

Fig.  12  TYPICAL CIVIL AAR TANKER OPERATING SCENARIO

Refuel 
Operations 
3-4, 5-6, 7-8 

Range R nm 
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Lead

Fig. 17  FORMATION, 3 
UNEQUAL SIZE AIRCRAFT

Second 

FIRST TIME AROUND – WINGS ONLY

Third

Second

Third 

dx

x

z
y

dz 

dy

 GEOMETRY DEFINITIONS IN 
FORMATION FLYING 

(c) Chorwise Cp Distbns at Start 

(d) Chorwise Cp Distbns after 5 Cycles

Final & 
Target 

Start

(b) Wing surface after 5 cycles 

 Start 

Final & 
Target 

(a) Spanwise Loadings at Start & Final 

Fig.  18   2- Aircraft Formation, Typical CASE, RELAXED WAKE of LEAD AIRCRAFT 
delx/b = -1.45, dely/b = -10%, delz/b = 0% 
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Fig. 20  WING TWIST REQUIRED TO CANCEL 
ROLLING MOMENT ON TRAIL AIRCRAFT, LARGE 
LEAD (2.5:1.0), RIGID and RELAXED WAKE, dx/b = 

1.45, dy/b = +5%, dz/b = -5% 

Rigid Wake

$15�

�

�

514�

�

�

515�

�

�

�514�

�

�

�$15�

�

�

�$14�

Relaxed Wake 

Fig.  19  LARGE LEAD (2.5:1.0), RIGID 
WAKE, Spanwise Loadings at Start & 
Final / Target, dx/b = 1.4, dy/b = +5%, 

dz/b = -5% 

Start 

Start 

Final &   
Target 

Final &   
Target 

Fig. 21  TRAIL AIRCRAFT ∆∆∆∆CL and ∆∆∆∆CDi

VECTOR MAGNITUDE, VARIATION WITH 
SPANWISE LOCATION, dz/b=-5% 

EFFECT OF LEAD AIRCRAFT SIZE, M=0.8
dy/b 

GAP LAP 

2.5 x

1.0 x

0.8 x

∆∆∆∆CL, ∆∆∆∆CDi, Vector 
addition

y/s

Twist, deg 

2007



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Mach Contours 
Cp Contours

Cp Contours Mach Contours 

Fig. 22  3-AIRCRAFT V-FORMATION 
MACH & Cp CONTOURS ON UPPER 

SURFACES, AT START 

Fig. 23  3-AIRCRAFT V-FORMATION MACH & 
CP CONTOURS ON UPPER SURFACES, 

AFTER CAMBER CONTROL 
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