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AB STRACT

A personalized system of instruction utilizing self-con-

tained text material and combining the principle of auto—

tutorial instruction with modified self-pacing was developed

for a course in aircraf t performance. The course material ,

con ta i n ed in Appe nd ix A , was applied to the aircraft perform-

ance por tion (six weeks) of a 12 week course in aircraft per—

f o rm a n c e , control and stability taught to 11 students in the

Depar tme nt o f A e r o n a u t ics a t the N a v a l  Po stg r a d u a te School ,

• Mon terey, C a l i f o r n i a , during the summer quarter of 1976. The

course resul ts , s u m m a r i z e d  in  App e n d i x  B and C , tended to

conf irm the advantages and substantial value of this instruc-

tional method.

In  add i t io n , the course material will be utilized by the

O f f i c e  of  Co nt in u i n g  E d u c a t i o n , Naval Postgraduate School ,

Mon te r e y ,  in its program of offering basic background

cour ses off campus in preparation for graduate study.
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I. ENGINEERING EDUCATION TODAY

E n g i n e e r i n g  e d u c a t i o n  has undergone and continueF, to

under go dramatic changes in both methods and direction to

mee t the challenges of escalating complexity in  t o d a y ’ s en-

v i r o n m e n t .  E n g i n e e r i n g  e d u c a t i o n , w h i l e  m e e t i n g  t h e s e

c h a l l e n g e s, m u s t  con ten d  w ith r is i n g  cos ts , increasing

p u b l i c  s c r u t i n y  and  a downward trend in number of candi-

d a t e s .  E n g i n e e r i n g  e d u c a t o r s  a r e  n ow i n v e s t i g a t i n g  n e w

me thods of instruction that make more efficient utilization

of t i m e  f o r  b o t h  the student and teacher while exploring

n e w  a v e n u e s  to p r o v i d e  f r e s h  i n s i g h t  i n t o  t h e  student’ s

engineering education.

The new changes and methods being pursued in today ’s

engineering education are contrasted with the conventional

l e c t u r e  m e t h o d .  T h i s  v e ne r a b l e  a n d  c u r r e n t  p r e v a l e n t  m e t h o d

i n v o l v e s  an  i n s t r u c t o r  w h o  presents the course material

through the media of the spoken word , using no materials or

training aids other than a chalk board. This conventional

lec ture method usually has the following charrcteristics

[R e f .  1 ]:

a. The lec ture is time-constrained by the standard sched-
u led  per i od .

b. The student is in a passive role and is expected to
t r a n s c r i b e  by n ot e s , or  o t h e r w i s e  r e c o r d  w h a t e v e r  i n f o r -
m a t i o n  he  d e e m s  e s s e n t i a l .

c. The pace is essentially fixed b y the lecturer based on
t h e  s c h e d u l e d  c o n t a c t  h o u r s/ c o u r s e  c o v e r a g e .

7



d. There is virtually no “ r e a l - t i m e” f e e d b a c k .  Due  to t h e
t i m e  c o n s t r a i n t s, q u e s t i o n s  or i n d i v i d u a l  difficulties
a re  u s u a l l y  d e f e r r e d .  T h i s  l e a d s  to t h e  n o t  u n u s u a l
s i t u a t i o n  of the student missing vital succeeding con-
cep ts while momentaril y ponder ing a puzzling point .

e. The cla rity of presen tation is stronglj dependent on
t h e  e x p o s i t o r y  a b i l i t y  of t h e  l e c t u r e r .

Each  s i t u a t i o n  in  w h i c h  t h e  l e c t u r e  m e t h o d  is  u t i l i z e d

m a y  n o t  c o n t a i n  e a c h  of t he  a b o v e  c h a r a c t e r i s t i c s  e x a c t l y  as

d e s c r i b e d  b u t  n e v e r t h e l e s s  w i l l  c o n t a i n  s o m e  m o d i f i c a t i o n  of

these ch aracteristics.

The p r i o r  u s e  of t h e  c on v e n t i o n a ~ l e c t u r e r  m~~t n o d  h a s

been perpetuated for reasons which are o f t en  f o r  a d m i n i s t r a -

t i v e  e x p e d i e n c y  a t  t h e  s a c r i f i c e  of  q u a l i t y  of e d u c a t i o n .

The conventional lecture method uses a rap id and inexpensive

dispensing of  i n f o r m a t i o n  b y t h e  i n s t r u ct o r  w i t h  a m i n i m u m

a m o u r . t of  e q u i p m e n t  and  m a t e r i a l s .  The  a c t u al  r e c e ip t  of

t h i s  i n f o rm a t i o n  by t he  s t u d e n t , h o w e v e r , i s  n o t  g u a r a n t e e d

u s i n c  t h e  c o n v e n t i o n a l  l e c t u r e  m e t h o d .  A d d i t i o n a l l y ,  the

personal preferences of the lecturer can often bias the pre—

• s e n t a ti o n  of i n f o r m a t i o n  to o n l y  t h o s e  c o n c e p t s  w h i ch  a r e

a c a d e m i c a l l y  c o n v e n i e n t  f o r  t h e  l e c t u r e r  b e c a u s e  of h i s  b a c k —

g r o u n d  a n d  e x p e r i e n c e .

S e v e r a l  v a r i e t i e s  of n o n - l e c t u r e  m e t h o d s  a r e  c u r r e n t l y

being investi ga ted by engineering educators as alternatives

to t h e  c o n v e n t i o n a l  l e c t u r e  me t h o d .  N e a r l y  a l l  of  t h e

metho ds are self-paced , incorporate the reinforcement theo—

ries first introduced by Sidney Pressey and B . F. Skinner

(Ref. 21 , and involve the use of a tutor. Eng ineering educa—

t o r s  h a v e  f o u n d  t h a t  o n e  of  t h e  b e s t  m e t h o d s  to  h a n d l e  t h e

8
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comp lex  c o n c e p ts in v o l v e d in en g i n e er in g is the method known

as “p e r s on a l i z e d  ( o r  p r o c t o ri a l)  S y s t em  of  I n s t r u c ti o n ”

[Ref. 31 .
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II. ENGINEERING EDUCATION AT THE
NAVAL POSTGRADUATE SCHOOL

In addition to the problems mentioned in Section 1 , en-

gineering education at the Naval Postgraduate School ,

Monte rey , Ca li f or n i a , faces unique restrictions not normal-

ly encountered at civilian institutions. These restrictions

include depen den ce on Congressional allocation for school

operating funds , unique educational requirements and utili-

zation of officer graduates by the Navy , and constraints

imposed on officer students by sea—shore rotation patterns

and unpredictability of operational commitments.

As a result of Congressional action on the fiscal year

1974 Department of Defense Appropriation Bill , across-the—

bcard reductions in funds for all services ’ graduate educa-

tion programs have been made [Ref . 4]. Not onl y has an

• annual limitation now been placed on the number of officers

each Service may have in graduate school~ but there are ncw

• Congressional demands for further cost savings in these

programs. Student enrollment statistics at the Naval Post—

graduate School since the time of the first Congressional

action shows its effects , with about 1000 students now en—

r o l l e d  as c o m p a r e d  to  a m a x i m u m  o f  1800 in  1971 [ R e f .  5 ]  .

Not only has the enrollment been decreased in an effort to

red uce cost , but the duration of an officer student ’ s

tour at the Naval Postgraduate School is being scrutinized.

10
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The Select Study Committee Report of Navy Graduate Education

Program for the Secretary of the Navy found that 70 percent

of the total cost to the Navy of officer education is attri-

butable to officer salary and permanent change of station

(PCS) charges.

The uni que educational requirements and utilization of

officer graduates by the Navy call for a rigorous program

of preparatory study in ba sic undergraduate level material

at a time when a reduction in the officer student ’ s tour a t

the Naval Postgraduate 3chool is being emphasized . The

Select ~ :udy Committee Report of N a v y  Graduate Education

Program noted tnat the way in which the Navy manages its

officer corps and utilizes its specialty and subspecialt

talents place severe constraints on the educational alterna—

tcves that are uv a c lab le an d  have greatly influenced the

development of non-tradit conal educational programs to their

present stage. Studies indicate that as m a n y  as 50 percent

of the incoming officers at ~ PS intend ed to enroll in curri-

cula in whu ch they did not have the prerequisites for direct

admissibilit y to a oraduate institution ~Ref. 6). :n add~~—

t l o n , students returning to NPS for formal advanced education

may change from their original specialty field in order to

fulfill Navy needs. As a result of the :roblem of varying

• knowledge , skill levels and diversity of backgrou nd , a

• r i g o r o u s  p r o g r a m  of  p r e p a r a t o r y  s t u d i e s  is r e q u i r ed  f o r  a

significant pe rcenta ge of officer studies. The Select Stud y

Committee found t h a t  t h e r e  i s  a h i c h  o r o b a b i l i t y  t h a t  m a n y

11
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of t h e s e  p r e p a r a t o r y  s t u d i e s  c o u l d  be  g i v e n  i n  a d v a n c e  o f

attendance at NPS [Ref . 5].

The sea-shore rotations coupled with operational commit-

ments place unique constraints on the availability of offi-

cer students. While the Congressionally—imposed student

ceiling is a factor , the decline in the number of Naval

officers entering graduate programs is due primarily to com-

peting requirements to mar. fleet units and training activi-

ties while total Naval officer strength has been reduced

[Ref. 41 . A s Admiral J. S. Holloway, Chief of Naval Opera-

tio ns , has stat ed in Ref. 7:

‘Operations at sea are conducted under unique condi-
tions and require ur..~que skills and knowledge. This , in
turn , produces an important side effect that significant-
ly affects the assignment of officers to postgraduate
training and the sub~~equent utilization of their skills.
The very fact that the professional Naval officer must be
thoroughly familiar with the wide range of conditions
encountered at sea locks him into a sea—shore rotation
pattern that ultimately acts to constrain Naval educa-
tional programs in terms of opportunity, co ntent , and
duration.

To counter th e uni que constraints and restrictions placed

upon engineering education at NPS , several prominent individ-

uals and study groups have advocatc~ the use of non-tradc-

tional education methods (PSI) and a continuing education

program . The Department of Defense Committee on Excellence

in Education recommended in Ref. S that , in order to reduce

the time officers are in residence as students , the Continu—

in; Education Program be continued and expanded. Upon a

• review oi faculty utilization and productiv ity at the invi ta—

tion of the Superintendent of NPS , ~rovost Emeritus F. E.

12



Ter m an , Stanford University, emphas ized the use of innova-

tive methods for education through the use of new technolo-

gies and ideas. Dr. Terman noted the prospects for the

P e r s o n a l i z e d  S y s t e m  of I n s t r u c t i o n  ( P S I )  in  i t s  a p p l i c a t i o n

to g r a d u a t e  p r o g r a m s  a t  N P S  [ R e f . 4 ] .  The  N a v y  G r a d u a t e

Education Program Select Study Committee concluded that in

order to decrease the time in residence for completing the

preparatory work for a degree , thus reducing the total cost;

and in order to increase the availability of education to a

wider audience , thus serving more Navy officers; and to use

more effectively the available resources of faculty and

facilities , the following recommendations were made: [Ref. 5]

“The U. S. Navy strongly supr ort continuing education
as a primary function of the NPS , with appropriate
budgetary support.

The NPS be designated as t h e  center not only for
residential graduate education , but also for develop ing
off-campus non-traditional methods of instruction using
innovative methods (such as PSI). ”

In Ref . 4, the Department of Aeronautics at NPS was

• singled out for their use of PSI to reduce education costs

by reducing time in residence. The Aeronautical Eng ineering

curriculum preparatory phase was reduced to two quarters and

was developed into the format of one—unit , sel f-study PSI

modules. This PSI format permits the entry of students into

the program at any time they can be ordered to NPS and allows

the student to be scheduled to study the sequence of individ—

ual modules best suited to h~~s cntended area of spectali za—

t i c n , proceeding in itiall y at his own pace. The study guide

13
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m a te r i a l  f ou n d  in  A p p e n d ix  A i s  currently being used in

the  A e r o n a ut i c a l  E n g i n e e r in g  c u r r i c u l u m  p r e p a r a t o r y  phase

i f l  a i rc r a f t  p e r f o r m a n ce .

14
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III. PER SONALIZED SYSTEM OF INSTRUCTION

T h e r e  h a v e  b e e n  m a n y  v a r i a t i o n s  of  t h e  n o n - l e c t u r e

me thods that have led to the development of the Personalized

S y s t e m  of I n s t r u c t i o n .  T h e  p r o g r a m m e d  t e x t , t h e  var i o u s

teaching machines and computers are direct applications of

the reinforcement theory but suffer from a relatively in-

flexible structure and tendency to desi gn the instructor

o u t  of the p icture. Engi~~eering problem solving and design

w h i c h  u s e s  c o g n i t i v e  s t r a t e g y  and complex concepts are not

amenable to these constraints on structure and instruction.

Closed circuit television , instructor and peer tutoring ,

v i s u al  a i d s , p r i n t e d  n o t e s  a n d  o u t l i n e s , w h i l e  i m p r o v i n g  t h e

lecture method , do not allow the student the basic need of

p r o c e e d in g  a t  h i s  o w n  b e s t  s p e e d .  T h e  evolution of the Per-

sonalized System of Instruction has resulted out of the

• deficiencies of the conventional lecture method and these

v arious non—lecture alternatives.

Personaliced instr u ct c on was first introduced in 1963 by

two B r a z i l i an  t e a c h e r s , Rodolpho Azzi and. Carolina Martuscelli

Bor i , as a method of univeristy instruction at the University

of  B r a s i l i a  [ R e f .  9 ] .  P r o f e s s o r  F .  H .  K e l l e r , P r o fe s so r

E m e r i t u s  of  P s y c h o l o g y ,  C o l u m b i a  U n i v e r s i t y  a n d  C e n t e r  f o r .

Personalized Instruction , Ge o r g e town Un i v e r s i ty ,  is gen er a l l y

regar ded as the principal author of the present form of Per-

• s on a l i z e d  S y s t e m  of  I n s t r u c t i o n  u s e d  in this country.
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Professor Keller , who coll abora ted wi th Professors A zzi and

• B o r i  and  P r o f e s s o r  J .  0. S h e r m a n  of G e o r g e t o w n  University,

f i r s t d e s c r i b e d  Pe r s o n a l i zed Sy stem of  I n s tr u c tio n in h is

now c l a s s i c  pape r  f o u n d  in  R e f .  3 as f o l l o w s :

1. The ‘ g o - a t - y o u r — o w n — p a c e ’ f e a t u r e , w h i c h  p e r m i t s  a
s t u d e n t  to move through the course at a speed com-
me nsurate with his ability and other demands upon
h i s  t i m e ;

2 .  The  u n i t — p e r f e c t i o n  r e q u i r e m e n t  f o r  a d v a n c e , w h i c h
l e t s  t h e  s t u d e n t  go a h e a d  to n e w  m a t e r i a l  o n l y  after
demonstrating mastery of that which preceded;

3. The use of lectures as vehicles of motivatio n , rather
than sources of critical informa tc on;

4. The related stress upon the w ritt n word in teacher—
student communication; and fin all i ;

5. The use of proctors , which permits repeated testing,
i m m e d i a t e  s c o r i n g ,  a l m o s t  u n a v o i d a b l e  t u t o r i n g  and
a marked enhancement of the personal—social aspect
of the education process.

The Personalized System of Instruction has been imple-

mented by essentially every academic department at NPS for

v a r y ing numbers of  c o u r s e s .  T h e  O f f i c e  of Continuing Educa-

tion , which is tasked with the overall coordination of PSI

c o u r s e s , h a s  p r o m u l g a t e d  t h e  following guidelines for the

d e v e l o p m e n t  of  these courses:

1. The written word is used as the primary means of
i n f o r m a t i o n  t r an s f e r .  T h e r e  a r e  f e w  l e c t u r e s, i f
a n y ,  in  a P S I  c o u r s e .

2 .  The  c o u r s e  m a t e r i a l  is d i v i d e d  i n t o  s m a l l  u n i t s .
A s t a t e m e n t  of  behavioral learning objective is
suppl ied for each unit.

3. The units are studied sequentially. The student
m u s t  m a s t e r  e a c h  u n i t  before proceeding to t h e  n e x t
unit. ~aster y is demonstrated by achieving a high
score on a unit diagnostic test. If a student does
not achieve the desired mastery score on a unit test ,

16
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t h e r e  w i l l  be no p e n a l t y . He is tol d w h e re he n e e d s
f u r t h e r  s t u d y  on t h a t  u n i t .  He w i l l  t a k e  a n o t h e r
t e s t  on t h e  same  u n i t  a t  a l a t e r  t i m e .  A f i n a l  e x a m
is g i v e n  a t  t h e  end  of t h e  c o u r s e  a f t e r  a l l  u n i t s

• have been completed.

4. A tutor (proctor on campus) is required to grade the
uni t exams and record the progress of each student.
When a PSI course is delivered off campus the tutor
will also answer questions normally answered by the
instructor (professor) during on-campus courses.

5. The course is quasi self—paced. Some students will
finish the units quickl y; others will take longer.
Some completion time limit is usually placed on each
course.

The course materials for PSI courses at NPS usually con-

tain a textbook (optional) , a stud y guide , a course policy

statement , un it diagnostic exams and a mid—term and final

e x a m .  F o r  o f f - c a m p u s  c o u r s e s  t h e  t u t o r  h a s , in  a d d i t i o n  to

the above materials , a PSI tutor ’ s manual , the unit diag-

nostic exam answers and answers to the study questions in

the study guide.

• Results of implementation of the Personalized System of

Ins truction have shown both problems and benefits of this

method. The principal problems encountered are summarized

as  f o l l o w s :  [ R e f .  10]

1. Logistic and administrative workload is increased .

2. Staff (proctor/tutor) is increased.

3. Class size for effective implementation is limited.

4. Procrastination by students creates problems for
admi nistration.

The benefits encountered are summarized as follows:

1. P S I  is self—paced and is an efficient way to learn.
(This is an important feature for students whose
time i s  v a l u a b l e .)

17
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• 2 .  The  h i g h l y  o r g a n i z e d  n a t u r e  of  t h e  c o u r s e  m a t e r i a l s
m a k e s  t h e m  an e x c e l l e n t  so u r c e  f o r  r e v i e w  a f t e r
c o u r s e  c o m p l e t i o n .

3. U t i l i z a t i o n  of the mastery concept builds confidence
in  t h e  s t u d e n t  and r e m o v e s  t h e  f e a r  of c o m p e t i t i on
w i t h  one ’ s p e e r s .

4. The tutor/proctor can deal with individual difficul-
ties which require personal attention.

E x p e r i e n c e  has  s h o w n  t h a t  c o u r s e s  c a n  be a r r a n g e d  to

mi n i m i z e  the above  p r o b l em s a nd , when coupl ed with the above

b e n e f i ts , Personalized System of Instruction method results

in increases in effectiveness of instruction. For a more

detailed description of the Personalized System of Instruc-

t io n , Re f .  9 is recommended.
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IV. THE CONTINUING EDUCATION PROGRAM

The c o u r s e  ma ter ia l , c o n t a i n e d  in  A p p e n d i x  A , w i l l  be

utilized by the Office of Continuing Education , Naval Po st-

g r a d u a te Schoo l , Mon te r e y ,  i n  it s p r o g r a m  of o f f e r in g a

bas ic back grou nd cou r se o f f  cam pus  in  a i r c r a f t p e r f o r m a n ce

in preparation for graduate study .

The Continuing Education Program was established in

June , 1974 , as a m e a n s  of  provid ing extended educational ser-

vices that include the offerings of credit courses off carn rus

and  the del iv e r y , both on and off campus , of  p r o f e s io n a l l y

relevant short courses. The basic background courses used

in preparation for graduate studies are to be delivered o f f

campus in a quasi self-instructional self—paced mode for the

same academic credit as received when taken on campus. The

short courses are designed to meet specific needs of operat-

ing units and for technical update of military and Department

of Defense personnel with nationally recognized Continuing

Education Units (CEO) awarded for their completion.

Th is self—instruction course , contained in Appendix A ,

will be delivered to officers at their current duty stations

fo r completion during off duty hours of work/study periods.

T h i s  co u rs e , prepared in accordance with the Personalized

S y s t e m  of  I n s t r u c t i o n  ( P S I ) ,  h a s  b e e n  s e l e c t e d  p r i m a r i l y

from course material normally ta-~c-n in the initial phase of

the Aeronautical Eng ineering Curr~~cul ar program at the Naval

L _ _ _  
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P o s t g r a d u a t e  S c h o o l .  I t s  c o m p l e t i o n  w i l l  r e d u c e  s t u d e n t

t i m e  r e q u i r e d  in  s u b s e q u e n t  f u l l y - f u n d e d  g r a d u a t e  e d u c a t i o n

p r o g r a m s .

The basic characteristics of the PSI method make this

s y s t e m  r e a d i l y  a d a p t a b l e  f o r  e f f e c t i v e  o f f  c a m p u s  i n s t r u c -

t i o n , s i n c e  i t  is  b a s e d  p r i m a r i l y  on  t h e  w r i t t e n  r a t h e r

t h a n  the  s p o k e n  w o r d  f o r  i n f o r m a t i o n  t r a n s f e r . The  c o u r s e

study material is divided into six sequential individual

units , and student progress is determined by mastery-level

performance on unit diagnostic examinations . Diagnostic

testing may be repeated without penalty until unit mastery

h a s  b e e n  d e m o n s t r a t e d .  The  d e s i g n a t e d  t u t o r  w i l l  be a v a i l —

a b l e  f o r  t u t o r i a l  a s s i s t a n c e, w i l l  g r a d e  t h e  u n i t  e x a m i n a -

tions and will record the progress of  each student. The

provided course materials include the specific learning ob—

Jectives and a policy statement which delineates the final

examination policy and the performance required to earn

specific grades. Final examinations will be administered

on site by a third party and graded at the Naval Postgradu-

ate School by the NPS professor who has overall responsi-

bility for this course. Throughout this course , a communi-

cation s arrangemen t w ill be ava ilable b etween the profe ssor

and the student—tutor team .

The Continuing Education Office will qu~~lify individuals

as designated Naval Postgraduate tutors and will ma intain a

cur rent list of qual ified military officers who have volun—

t e e r e d  to s e r v e  in this capacity . A designated tutor is

20



p r o v i d e d  w i t h  a c o m p r e h e n s i v e  P S I  t u t o r ’ s m a n u a l  to g u i d e

h i m  in  h i s  e f f o r t s .

Appl ication for enrollment in this self—instructional

c o u r s e  m a y  be made  a t  a n y  time by filling out the ap p r o -

• p r i a t e  f o r m  f r o m  the  O f f i c e  of  C o n t i n u i n g  E d u c a t i on , N a v a l

Postgraduate Sc.~~ o1. The application should be f o r w a r d e d

to Superintendent (Code 500), Naval Postgraduate Scnool ,

v i a  t h e  c o m m a n d  h o l d i n g  the applicant ’s serv ice or perso r.r .el

r e c o r d  in  a c c o r d a n c e  w i t h  R e f .  11. The Naval Postgraduate

School will maintain academic transcripts on all per sonnel

w h o  e n r o l l  in  i t s  Continuing Education credit courses and

short courses.

21
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V. STUDY GUIDE DESCRIPTION AND USE

The f u n d a m e n t a l s  o f  t h e  P e r s o n a l i z e d  S y s t e m  of I n s t r u c -

tion wera applied to a basic , introductory course in aircraft

p e r f o r m a n c e .  T h e  c o u r s e  m a t e r i a l  w a s  d e v i s e d  to p e r m i t  i t s

use not only in off—campus work , but also as half of a one—

quarter (12 weeks) course in performance and stability on—

c a m p u s  a t  NPS. The end results are contained in Appendix A

and represent the major effort by the author in this thesis.

The  c o u r s e  w o r k  is d i v i d e d  i n t o  s i x  u n i t s.  E a c h  o f  t h e s e

s i x  u n i t s  a r e  s u b d i v i d e d  i n t o  e i t h e r  t w o  or  t h r e e  s u b u n i t s .

The major areas of m a t e r i a l  f o r  e a c h  u n i t  a r e  as f o l lo w s :

a. Unit 1 - a basic introduction , the atmosphere , air-
craft instrumentation .

b. Unit 2 — aircraft drag, power recuired , and thrust
• r e q u ir e d .

c .  Unit 3 - climb and descent performance.

d. Unit 4 —  range , cruise climb , and endurance.

e. U n i t  5 — m aneuvering, instantaneous maneuverabi lity
and tactical performance.

f. Unit 6 — take—off and landing performance.

In  a d d i t i o n  to t h e s e  u n i t s , t h e  study guide contains three

a p p e n d i c e s  to f a c i l i t a t e  i n  t h e  s t u d e n t ’ s p r e p a r a t i o n  f o r

and progress through the course work . A brief description

o f these appendices follows:

a. Appendix I — tables of  a e r o d y n a m ic  data

b .  A p p e n d i x  I I  — a brief d e s c r i p t i o n  of d i m e n s i o n a l
an a l y s i s
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c. Appendix III — a brief review of basic mechanics

Each student is provided a study guide for each unit of

instruction on which he is working . The basic content of

e a c h  s t u d y  g u i d e  is as f o l l o w s :

a .  U n i t  o b j e c t i v e s  - defined in terms of measurable
behavior.

b. U n i t  p r o c e d u r e s  - defined in terms of reading assi gn-
m e n ts , areas of concentration , and recommended study
tactics for that particular unit .

c. Unit study questions — defined in terms of discussion
of the general philosophy and specific techni ques
of solution.

d. Self—contained reading material — defined in terms
of discussion of theoretical concepts and applica-
t i o n s  to s p e c i f i c  s i t u a t i o n s .

e. U n i t  s u p p l e m e n t a r y  p r o b l e m s  — defined i n  t e r m s  of
answers and guidance where necessary.

The reading material for these units is self-contained

but the student should be u r g e d  to m a k e  u s e  of any addi-

tional resource material that is available. A limited

b lb liograDhy is listed at the becinning of An pendi x A .

As a general manner of approach , the student should be

urged t o read the Statement o f  Objectives prior to read~~no

the resource material. This will furnish an indication of

what is to be expected from the unit. The student should

then read the resource materia l twice; once rather rap idly

i n  o r d e r  to o b t a i n  t h e  g e n e r al  k n o w l e d g e  of  t h e  c o n t e n t s ,

and then a second time more slowly looking for correlation

with the objectives. After reading the assigned material ,

t h e  s t u d e n t  s h ou l d  a t t e m p t  to an s w e r  the study questions

w i t h o u t  r e f e r e n c e  to the reading material. If only one or

2 3
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two q u e s t i o n s  r e q u i r e  r e f e r e n c e  to the reading material , it

c a n  be a s s u m e d  t h a t  t h e  s t u d e n t  h a s  a f a i r l y  good  c o m p r e h e n -

s i o n  of t h e  c o n t e n t s  o f  t h e  u n i t .  I f  a g r e a t e r  n u m b e r  of

q u e s t i o n s  can  n o t  be a n s w e r e d  c l o s e d  book , the student should

re— read the assignment and then repeat the Study Questions.

A f t e r  t h e  s t u d y  q u e s t i o n s  a r e  a n s w e r e d , t h e  s t u d e n t  m a y

w i s h  to a t t e m p t  the Supplementary Problems prier to taking

the Unit Test. The Supplementary Problems serve two puiposes ;

they provide additional reinforcement of key mat erial in the

Unit and th e y  offer an opportunity for numerical solutions to

what otherwise may be just statements of relationships.

If the student is unable to achieve mastery of the Unit

Te sts , he will be directed to review the Statement of Cbjec—

• tives , t h e  resource material and the study questions and then

to attempt another test on the same unit.

While tine is not normally a dimension of PSI courses ,

t h e r e  b e i n g  n e i t h e r  p l u s e s  n o r  m i n u s e s  f o r  e a r l y  or l a t e

work , in the o n — c a m o u s  e n v i r o n m e n t  t h e r e  e x i s t s  an i m p l i c i t

requirement t o  complete a g iven am ount of work in a given

time period so that the individual and the group may m~.ve on

to other subjects. For this reason , it is to be expected

that the on—campus student will avera~~e at least one unit

completed per week. I t  is recommended tha~ the off-campus

s t u d e n t  attempt a somewhat similar pace ~ f ~os siile.

2 4
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VI . ON CAMPUS APPLICATION OF P 5 .
TO AIRCRAFT ?ERFORMAN qE

The Department of A eronautics at NPS , in order to permit

entry of students into the A erona ut cc al Eng ineering curricu-

lum at any point iictated by the cparatioual needs of the

Navy, has designed its preparatory phase into the format of

on e— u nct , se lf—stud y PSI modul t~s. The stud y guide m atercal

contained in Appendix A is currently be Ing used in the Aero-

nautical Eng ineerin g curriculum preparatory phase in aircraft

p e r f o r m a n c e .

This introduction to aircraf t performance is presented

in two PSI courses titled AE 2305 , Perform ance I , and AU 23O~~,

Performance II. The first course , Performance I , AU 2305 ,

consisting of Unit 1 , Unit 2 , and Unit 3 , covers standard

atmospheres , the altimeter , defined airspeeds , the airspread

indicator , machneter , drag polar , flight polar , thrust an d

power recuired , climbcnc performance , ceiling s , and range

and endurance at constant altitude. The second course , Per-

formance II , AE 2306 , consisting of Unit 4, Unit 5 , and Un i t

6, covers cruise climb characteristics for range and endurance ,

energy mana gement , turns , pull—ups , 7-n diagram , take—off and

landing nerform ance. There is on~ ho-i~ credit given for the

completion of each course.

In the development of these study g’ucdes , no t oniy ~ as

comp at ibi l ity with the continuing education program considered

2 5
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but compatibility with the academic quarter system used on-

campus at NPS was also considered. These study guides were

to be used in the first half of a 12 week course in aircraft

• performance , control and stability. While retaining the

self—paced , self—guided f~~ature of the Personalized System

of Instruction , each of the six instruction units was de-

signed to be finished at the average rate of one unit per

week. The student ’ s pace needed to be controlled in the

long term sence to ensure the class was prepared to start

the second half of t he  course (control and ste~~ility) at ap-

proximately t h e  same time. The second half of the course

was taug ht cm a quasi—PSI , convent ional lecture method.

Therefore , a recommended scheduling of the self—paced unit

check tests was giver , to each student.

Two other m odc fications to the Personalized System of

Instruction were m ade to accommodate the on—cam p us course.

The mid—term and final examInations were made optional ,

wcth the course grades being ass~~cned on the bascs of numoo r

of successful completions of U f l i t  quizzes to c~~roar :scn

w :th t h e  number of unit quizzes attempted. This m odif ica-

t~~on was suggested b y t h e instructor and agreed upon by the

students. Additionall y , group tutoring sessions , requested

b y a majority of the students , were held by the Instructor

on points of particular di fficulty or comp lex lty. These

g r o u p  t u t o r i n g  s e s s i o n s  w e r e  in  a d d i t i o n  to  t h~ i n d c - : i d u a i

t u t o r i n c  by  t h e  p r o c to r  a n d  t h e  i n s t r u c t o r .

26
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VII. EVALUATION OF RESULTS

In  o r d e r  to e v a l u a t e  t h e  r e l a t i v e  e f f e c t i v e n e s s  of  t h e

PSI Study Guides developed in this thecis , a comparison be-

tween a class of students taught by an instructor using the

conventional lecture method and a class of students taught

in the Personalized System of Instruction method durin c the

summer quarter of  l~~76  w a s  a t t e mp t e d .  Students i n  the con-

ventional l e c t u r e  c l a s s e s  w e r e  a s k e d  f o r  t h e i r  o n i n i o n s  of

their comorehensi on and rete nti on of the course material and

w e r e  a d d t t i o r a l l - i  • g u c z z e d  v e r ba l ly  b y t h e  a u t h o r  on  k ey

rolnts in the course m a t e r t a l .  Due lack of statist ica l

sc un iflcance of a n y  data 1 m v c lv i n ~ thi s ~ r cup , grade coro:-or :—

sons were cons :cere~ to have 1:tt ~~e m e a n c n g .  T h e  s t u d e n t s

in the PSI c ass ~- r -  cive n a ccmr ren~~nsci’e stu dent cuest~~e:.-

na t re adnao~~ster ei no ~~~e en d  o~ t h e  P S I  po r t i o n  o f  t h e

course and were u r t t c  ~ued as a croon by  the author on a~~

facets of t o e  o~~o r s e .  toe optniom of the a’utnor , toere

w a s  a better overall c o m p r e he n s i o n  of course m ater ta l by tne

s t u d e n t  i n  the PSI class as determined by student critiques

and interviews .

The student •iuestionnaire , contained in Appendix B , was

administered to each student i n  the PSI class. Several im-

portant issues concerning the PSI method were noted . The

numerica l average of the student responses was tabu lated in

the enclosed boxes shown with each question . T h e  s t u d e n t ’ s

-
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apparent hi gh regard for the various facets of the Personal-

ized System of Instruction are noted along with their opinion

of  o t h e r  a s p e c t s  of t~~e a d m i n i s t ra t i o n  of t h e  c o u r s e.

• Representative comments from the student questionnaire

along with comments from the criti que session tended to cor-

roborate the numeric al results of the questionnaire and are

contained in Appendix 0.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

The s u b j e c t i v e  e v a l u a t i o n s  of t h e  s t u d e n t s  i n v o l v e d  in

the PSI course in aircraft performance (Appendix B and

A p p e n d i x C) , the demonstrated compatibility of the PSI meth-

od of instruction with the Aeronautical Engineering curricu-

lum , along with the proven success of other PSI courses at

NPS tend to confirm the advantages and substantial value of

t h e  P e r s o n a l i z e d  S y s t e m  of  I n s t r u c t i o n  as  an e f f i c i e n t  a n d

effective method of instruction. While some modifications

to the pure PSI methods were made in the initial offering

of the aircraft performance c o u r s e , t h e  m a j o r i t y  of  t h e

students involved indicated a relatively greater effort was

e x e r te d  a n d  a d e e p e r  underst andi ri c of the course material

was obtained by having been taught in the PSI method.

• The PS I method has demonstrated the needed flextb i litv

to permit entry of students into the Aeronautical Enconeer-

ing curricu lum at any time tney can be o r d e r e d  t o  N P S .  The

PSI method h a s  also demonstrated the abi lity to allow the

scheduling sequence of individual unit modules best suited

• to  the student ’s intended area of specialization. The

i n i t i a l  r e s u l t s  of  t h e  P S I  c o u r s e s  h a v e  i n d i c a t e d  t h a t  s t u —

dents generally complete the Aeronautical Engineering cur-

riculum preparatory phase in a shorter t i m e  than was true

under the conventional lecture method. The PSI method holds

t h e  p r o m i s e  o f  r e d u c i n g  e d u c a t i o r.  c o s t s  by  u t i l i z a t i o n  of

2 9
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the Continuing Education Program off—campus and by reduction

of t i m e  i n  r e s i d e n c e  on c a m p u s .

It is recommended that the aircraft performance segment

of  t h e  a i r c r a f t  p e r f o r m a n c e , c o n t r o l  and  s t a b i l i t y  c o u r s e

con tinue to be taught in the PSI mode . It is recommended

that the use of a proctor , draw n from one of the students

who  h a s  s u c c e s s f u l l y  comp l e t e d  t h e  c o u r s e , in  a d d i t i o n  to

the as si gned instructor , be continued . It is recommended

that the tutor be compensated by an appropriate amount of

a c a d e m i c  c r e d i t  f o r  t h e  u n d e r t a k i n g  of t h i s  t a sk .

It is recommended that the student questionnaire , con-

tam ed in Appendix B , be applied to the students currently

being taught in the aircraft performance course in the Winter

Q u a r t e r  1 9 7 6 — 1 9 7 7 . A t  t h e  p r e s e n t  i n s t r u c t o r ’ s p r e r o g a t i v e,

the course , while using a portion of the study guides con-

tained in Appendix A , is being taught in a quasi PSI-conven—

• - tional lecture method without the use of  a proctor. The

compilation of student evaluations would serve as a useful

comparison between the PSI method and the conventional lec-

ture method. It is recommended that the resulting student

critique and comments be used to further up date and re fine

the study guides contained in Appendix A.

• I t is recommended that the user ’s feedback of the study

guides be solicited from partici pants in the aircraft per-

formance course offered off—camm us by the Office of Oontinu-

ing Educatton. The comments also could be used to up date

and refine the present form of the study guides.
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Finally, it is recommended that the six-week control

and stability segment of the on—campus aircraft performance ,

con tr o l , stability course be developed in the PSI mode.

Thi s development of the PSI method for the entire 12-week

course would allow the self-pace aspect of PSI to be more

full y explored.
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APPENDIX A - STUDY GUIDES

The Study Guides developed for the introductory course

in  a i r c r a f t  p e r f o r m a n c e  w e r e  d e s i g n e d  to be used as a self—

conta ined text. Source material used in this development

can be found in Refs. 12—19. Students desiring a more in—

depth study of the various topics contained in these Study

Guides are referred to the above mentioned references. The

Statement of Objectives was developed using methods found

in Ref. 20.
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PERFORMA ’t’E I

UNIT 1

Introduction , The Atmosphere , Aircraft Instrumentation
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AE 2305

PERFORNM~CE I

Unit 1 — Introduction , The Atmosphere , Aircraf t  Instrumentation
OBJECTIVE S

As a result of your work in this Unit, you should be able to:

1. Lis t four properties of air used in constructing the ICAO Standard

Atmosphere.
2. State the equation for a perfect gas.

3. List the ICAO Standard Sea Level Conditions.

4. Define geometric altitude , geopotential altitude and temperature altitude.

5. Derive an ICA O Standard Atmosphere table using the equation of state ,

temperature versus altitude relationship and sea level conditions.

6. Use an ICAO Standard Atmosphere table.

7. State the non—dimensional relationships for pressure, density and tempera-

ture ratios based on sea level conditions.

8. State the principle of operation of an altimeter and an airspeed indicator.

9. Define ground speed , Mach numb er, Equivalent air speed , Indicated air

speed , and calibrated air speed , and relate these to True air speed.

10. Define and characterize stagnation pressure, static pressure and dynami c

pressure.

11. Distinguish free—stream (ambient) pressure and velocity from local values

about the aircraft.

12. Distinguish between the quantities (u = — P) and (q = ~ c7
2
).
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AE 2305

PERF0RMM~CE I

Unit 1

PROCE DURE

1. Read sections 1—A , 1—B and 1—C.

2. Memorize equations (9), (17) and (21) in Section 1—C.

3. Review the Statement of Objectives.

4. Answer the Study Questions .

5. Review the resource material as necessary , based on your 
difficulty with

the Study Ques tions.

When you are ready~ ask for the 
written test on this Unit. This test

will be Closed Book. If equations, other than those listed to be memorIzed ,

are required, they will be furnished.
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AE 2305

PERFOR MANCE I

Unit 1

STUDY Qu ESTIONS

1. In the ICAO Standard Atmosphere , how does temperature vary with altitude

in the Troposphe re?

2.  Why are the relationships between density and pressure ratios different

in the Troposphere and the Stratosphere?

3. How may an altimeter be used to indicate the true field altitude?

4. What parameter is corrected from standard conditions to ambient conditions

in order to obtain Equivalent airspeed?

5. True air speed (q. 2, Section 1—C) depends on local values of pressure

and density . If standard sea level values are used (as in an air speed

indicator), what type of air speed is given?

6. When are Equivalent and True air speeds the same?

7. What is the speed of sound for a perfect gas?

8. What is the Equivalent air speed at an ICAO Standard Atmosphere geopoten—

tial altitude of 17,500 feet if the True air speed is 500 feet per second?

9. At the same altitude as Question 8, what is Te ~~~ V
T 

= 500 knots~
10. In an ICAO Standard A tmosphere , i f  the pressure ratio Is 0.73 and the

density ratio is O.~~ , what is the temperature in degrees Rankine?

11. The dynamic pressure (q) at sea level at N = 1.0 is l1~ 1.2 lb/ft .

What Mach number is required at an ICAO geopotential altitude of 10,000
feet to produce the same dynamic pressure?
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AE 2305

PERFORMANCE I

Unit 1

STUDY QUESTIONS - SOLUTIONS

1. In the Troposphere , temperature decreases linearly as altitude increases

in the ICAO Standard Atmosphere.

2. In the Troposphere the pressure ratio divided by the density ratio is

equal to the temperature ratio , which decreases as altitude increases .

In the Stratosphere the pressure ratio divided by the densi ty  ratio is

still the temperature ratio , but  this ratio remains constan t in the

Stratosphere due to the cons tant temperature .

3. By setting the altimeter at the field barometric pressure .

4. True Airspeed.

5. Equivalent Airspeed.

6. When the ambient conditions are the same as the Standard Sea Level

conditions .

7 a = •~‘yRT

8. 380.59 ft/sec

9. 380.59 kts

10. 450.68 °R

11. M = 2 .3 
•
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UNIT i-A

INTRODUCTION

lA—i OPTIMIZATION

Implicit in the expression Aircraft Performance is the term ‘Optimum ’.

It is not enough to calculate performance data or to attemp t to use this data

during flight unless the performance has been optimized. Inasmuch as manned

aircraf t have interfaces of the pilot actions , the airframe reactions and

powerplant functions , the optimization must be , of a necessity, for the entire

system and nor any one of its integral parts.

Too often those with some parochial view of a single performance facet

concern themselves with the maximization or minimization of one operational

parameter without regard for the effect of this action on some concurrent or

subsequent action. AS an example of this , consider the take—off performance

of an aircraft. Minimizing the take—off distance tnav be required if the runway

is of limited length or if there is an obstacle to be cleared immediately after

lift—off , but if minimum take—off run is considered to be the prime criteria in

evaluating all take—off performance , addftional requirements such as safe climb—

out speed or minimum time to reach a certain a1t~ tude may be severely penalized .

Due to the departmentalized nature of the development of performance

calculations to be presented , it may appear that each subsection stands on its

own merits. The reader is cautioned , however , that the total performance

problem requires many trade—offs in order that the overall performance calcu-

lations may approach the optimum.
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1A— 2 APPROXIMATIONS

Throughout, the reader will find many detailed equations which , with

the proper inputs , will give precise results. This degree of accuracy is

required in order to determine properly performance parameters , but in real

life operational situations , one often finds that less precise information is

available to the pilo t , and indeed , considerably less accurate calculations

may give quite realistic results. An example of this is the calculation of

airspeed for some desired maneuver. Although it may be satisfying to those

doing the calculations to obtain airspeed to three significant decimal places

with a high confIdence factor , the usefulness of this information to the

pilot who can read his airspeed indicator only to within two to three knots

is indeed suspect.

A useful approximation in performance calculations is derived from the

Bimomial Series expansion of a fractional exponent. Consider the series

(1 + x)~~ = ~ + ~ + 
n(m-1) ~2 + 

n(n—l)(n-2)x
3 

(1)

when x = 0.40 , and n .10

In this case , the third and subsequent terms are not only quite small , but also

• have a l t e rna t ing  posi t ive  a-n d negative signs and nay be neglected w it h  l i t t l e

• loss in accu racy.

As an example of the use of this approximation , consider the problem

where y is a function of the square root of z , and z is increased by ten

percent. -

y=(z)~ (2)

y + v = (z + lz) = {(l  + O.1O)z}~
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Using the first two terms of equation (1) with x = 0.10 and 11 4
y + l v = (l+4x0.lO)z (3)

or ,

y + lv = (l.05)z~ = l.O5~’ (4)

lv = O.O5y (5)

a check of the accuracy of this approximation may be made by rewriting equation

(2) as

S

y~~ = z  (6)

2(y + ~y) = (1.05) = 1.1025 (7)

the magnitude of the error is therefore 0.0025.

As will be demonstrated later , this approximation method is quite

valuable in determining the velocity/weight relationship inasmuch as veloc itY

varies with the square root of the weight.

IA- 3 S TANDARD S

Performance calculations are much more meaningful if comparisons can be

made with other configurations of the sane aircraft or with other aircraft .

For this reason it is essential that all calculaticns be referred to a common

base. This may be done by using dimensionless coefficients as in the case of

Lift and Drag, or by correcting all data to some genera11~ accepted base. The

use of a Standard Atmosphere , as discussed in Unit 1—B , is an example of the

la t te r , as is the  r e fe rence  to such items as Wing Loading ( a i r c r a f t  weigh t

diviued by the area of the main wing surface), and the weight/density ratio
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(W/5) used in Drag calculat ions.

Performance calculations for a single aircraft under different loading

conditions , power output , Drag variant configurations , et cetera , may be

standardized by referring each in turn to a standard weight , power , Drag, et

cetera. This permits ready evaluation of differen t conditions by a simple

comparison of results. It is to be recognized however that once data is re-

duced to a standard , this data is no longer applicable to the specific set of

condit ions under which it was ob ta ined .

lA— 4 UNITS AND DIMENSIONS

All physical quantities may be expressed in term s of four  basic dimen-

sions. These are mass (N) , length (L) , time (T) , and tempera ture (
~~)

The units used i~ aeronautics for these dimensions are, in order , the s l u g ,  the

foo t , the second , and the degree Centigrade or the degree Kelvin. The slug is

that mass which , when acted on by a force of one pound weight , has an accelera-

tion of one foot per second per second. One slug is equivalent to 32.174

pounds mass. The degree Kelvin is identical with the degree Centigrade , but

is measured from the absolute zero of temperature whereas the Centi grade scale

is measured (has its zero value) from the freezing point of water. Temperature

in Centigrade is equal to the temperature in Kelvin minus 273.

The basic dimensions may be used in a dimensional analysis (see Dimen-

sional Analysis, Appendix II), to determine the unknown dimensions of a

quantity if this q u a n t i tY  can be related to units that have a known dimension.

For examp le , distance has the dimension of length (L). Speed , which is

distance per unit time , has the dimensions of (Lf1) and acceleration , which
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is speed per unit time has the dimensions of (Lf2
) . Since force is equal

to mass times acceleration ,

—2 —2Force = N x LT = ~1LT (8)

it can be seen that force has the dimensions of (is measured in) slugs feet

per second per second.

Conversion factors permit the use of other than the basic dimensions

in calculations. Speed , which is measured in feet per second , may be converted

to miles per hour by multiplying by 60 x 60 (seconds per hour) and dividing by

5280 (feet per mile). Similarly , by multiplying by 60 x 60 (seconds per hour)

and dividing by 6000 (feet per nautical mile), speed may be expressed in terms

of nautical miles per hour (knots).

It is good engineering practice to include all of the units for each

— value in a calculation in order to insure that the solution has the proper

units.

1A—5 CONVERSION FACTORS

Any e i~~ir~eer ing  handbook will contain conversion factors that will enablo

the user to make rapid conversions from one set of units to another. Some of

the more commonly used factors applicable to performance calculations are con-

tained in Table 1—1.
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TABLE 1-1

• Conversion Factors

Multiply To Obtain

Feet per minute 0.01667 Feet per seconds
0.00987 Knots
0.01137 Miles per hour

Feet per second 0.59208 Knots
0.68182 Miles per hour

Horsepower 33000. Foot—pounds per minute
• 550. Foot—pounds per second

Knots 1.68894 Feet—per second
1.15155 Miles per hour

Miles 5280. Feet
0.86839 Nautical Miles

Miles per hour 88. Feet per minute
1.4667 Feet per second
0.86839 Knots

Miles per hour squared 2.15111 Feet per second squared

Pounds per square inch 0.06805 Atmospheres
2.03601 Inches of Mercury

Radians 57.29580 Degrees (angle)

Radians per second 9.54930 Revolutions per minute
0.15916 Revolutions per second

43

~~~~~~~~~~~~~~~~~~~~~



UNIT 1—B

THE ATMOSPHERE

lB—i THE ATMOSPHERE

The performance of aircraft is seriously affected by the atmospheric con-

ditions in which they operate and these conditions are constantly changing.

Performance data obtained in a particular set of atmospheric conditions is

therefore meaningless unless this data can be correlated with other conditions.

In order to compare performance data , the effects of the atmosphere must either

be removed or corrected to some standard. Although the standards are much more

meaningful if they approximate existing conditions , purely arbitrary standards

may be used , provided that all calculations are referred to the same standard

base.

The earth ’s atmosphere has been generally divided into four regions

because of the variance of conditions in each of the regions. The Troposphere,

closest to the earth , is the atmospheric region in which most clouds are

formed and in which the air movement (winds) is characterized by turbulence.

The hei ght of the Troposphere extends from about five miles at the poles to

about ten miles at the equator. Another characteristic of the Troposphere is

that the ambient temperature generally decreases as one goes from the surface

• to the limits of the Troposphere (the Tropopause). This decrease in tempera—

ture with altitude is called the Lapse Rate, and is, on the average, fairly

• constant , although at any given time the temperature change rate may be less

or greater (called an inversion) than the average.
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From the upper limits of the Troposphere to approximately sixty miles

above the surface of the earth is the region called the Stratosphere.~ High

velocity winds may be found In this region , but these winds are generally

steady in nature~, The temperature in the Stratosphere remains effectively

constant because this region Is above the radiant heating from the earth and

is protected by the upper ionization layers from the direct heating from the

• sun .

The Ionosphere , which extends from the upper limits of the Stratosphere

(the Stratopause) upwards to approximately 300 miles , is characterized by

electrical phenomena both visible (aurora borealis) and invisible (ionization).

In this region the temperature increases with altitude to as much as 4000 °F

at the upper limits.

The fringe region of the earth ’s atmosphere extends from the Ionopause

upwards to about 600 miles, In the Exosphere the air is so rarified as to

offer negligible resistance to the passage of an object.

lB—2 STANDARD ATMOSPHE RE — IACO STANDARD ATMOSPHERE

In order to provide a meaningful base for the comparison of aerodynamic

parameters , various standard atmospheric models have been constructed. The

National Advisory Committee for Aeronautics (NACA), the predecessor of th~

National Aeronautics and Space Administration (NASA), created and published

such a set of standards in 1922 in their Report 218. Variations of this set

of “standards” were derived by various agencie s throughout the world arid

were published as NACA Standard Summer Day , NACA Standard Winter Day , Air

Force Summe r Atmosphere , et cetera . In 1952 the International Civil Aviation

Organization (ICAO) published a “Manual of the ICAO Standard Atmosphere ”
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which was adopted and published by the NACA as Report 1235 in 1955.

The ICAO Standard Atmosphere was based on average, annual values observed

at about Latitude 40° in North America up to an altitude of about 20,000

meters (65,617 ft). Standard sea level values were designated (Table lB—i)

and the following assumptions were made:

a. The air is dry arid homogeneous

b. The equation of state (perfect gas law) applies

p = gR’ ~T or p = R ~T (1)

where

g = 32.174 ft/sec~

53.35 ft/°Rankirie or 96.04 ft/°Kelvin

The product of gR’ R is frequently used where

I I

R = 1716.55 ft /sec °Rankine

• c. Hydrostatic equilibrium exists

dP = — gpdH (2)

- 
• where

ambient atmospheric pressure

dH = change in geopotential height

d. The measure of vertical displacement is geopotential. Geopotential

is the measure of gravitational potential energy of a unit mass at a point

relative to sea level. Geopotential is defined by the equation

G d H g d h  (3)
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where 
V

C = a dimensional constant, 32.174 ft
2
/(sec—geopot. ft)

H = Geopotential at the point , geopotential feet

g = acceleration due to gravity , ft/sec2

h = Geometric (tapeline) altitude above mean sea level, feet

The concept of geopotential height is used to accomodate the potential

energy of a body when it is raised some distance above the earth due to the

change in gravitational pull. For example, a unit mass with zero potential

energy (at mean sea level) when raised to a geometric altitude , h , does

not have an increase of potential energy equal to the product of the weight

times the geometric altitude , (Wh ) , due to the fact that the weight of the

unit mass is less at the altitude because of the decrease in gravitational

force. To achieve the proper potential energy on the basis of sea level

gravity , the unit mass would have to be raised to a slightly higher altitude

(geometric altitude).

Variations in geopotential and geometric altitudes are shown in Appendix

I, Table 1.

e. Temperature variations with geopotential is expressed as a series of

straight lines. From sea level to 11,000 meters (36,089 feet) the temperature

change is —0.001981 °C/geopotential foot , and from 11,000 reters to approxi-

mately 25,000 meters (about 80,000 feet) the temperature is •jss~ mc~ ~~ rem~iin

constant at —56.5 °C (—69.7 °F).

Below 36,089 feet

T = T  . — a H
551
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where

a = Temperature Lapse Rate

Above 36,089 feet

T = V (Constant)

For the assumed straight line variations in temperature and the temperature

— density — pressure relationships of equations (1) and (2), pressure and

density may also be expressed in terms of geopotential height. For the mathe-

matical derivation of these relationships , refer to NACA Report 1235.

A sketch of temperature, pressure and density as a function of geopotential

altitude, with the standard sea level values as shown in Table lB—i , is shown

in Figure lB—i.

TABLE lB—i

ICAO STANDARD ATMOSPHERE

STANDARD SEA LEVEL VALUES

Pressure 2116,222 lb/ft

Temperature 518.688 °R (15 °C)
-, 4Density 0.0023769 lb sec /ft

Sonic Velocity 1116.89 ft/sec
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TEMP PRESSURE DENSITY

ICAO ATMOSPHERE
FIG. B- I

For computational ease, ratio values are frequently used in listing

temperature , density and pressure. These ratios are based on standard sea

level va1~ e,~

Temperature Ratio P T/T
ssl

Density Ratio = ~1pssl
Pressure Ratio = 

~
‘
~ssl

Representative ICAO Standard Atmosphere values are given in Appendix I,

T&ble 2.
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1B—4 STANDARD ATMOSPHERE — U .S .  STANDARD ATMOSPHERE SUPPLEMENTS , 1966

The U.S. Standard Atmosphere Supplements , !966 were prepared under the

sponsorship of the Environmental Services Administration , National Aeronautics

and Space Administration and the United States Air Force. In order to prepare

more meaningful atmospheric tables , rather than just arbitrary standards , the

COESA Working Group developed models of the atmosphere for altitudes up to

120 kilometers for five geograph ical regions:

Tropic (15° N), annual average up t~~ 120 km .

Subtropic (300 N), January and JU]V V to 80 Km and winter and summer 80 to

120 ~~~~~

Mid—latitude (45°N), January and July to 80 km and winter and suim~er 80

to 120 Km.

Subarctic (600 N), January and Jul ’7 t~ 80 km and winter and surmer SO to

J20 km .

Artic (75° N), January ar.d July to 30 km.

Representative values of the Mid—latitudo , S;~ring/Fall atmosphere are

shown in Appendix I, Table 3. It is to be noted that the U.S. Standard

Atmosphere Supp lements , 1966 has listings for both geopotential and geometric

altitudes in both emg 1~ish and metric units.

lB—5 STANDARD ATMOSPHERE — USSR

Technical Reports and articles from the USSR indicate that the Soviet

Union is using a Tine Standard Atmosphere (TSA—60) circa 1960 based on the same

temperature lapse rate as the ICAO Standard.
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lB—6 USE OF THE TABLES

Inasmuch as the preponderance of the current aeronautic literature on

aircraft performance is based on the ICAO Standard Atmosphere (textbooks, re-

ports, NATOPS, et cetera), these tables (Appendix I, Table 2) will be used

during this course.

The fact that we have a standard atmosphere leads to several other terms

with which the reader should be familiar . They are pressure altitude , density

altitude , and temperature altitude. These words are meaningless unless a

standard atmosphere is implied (in our case the ICAO standard) and are defined

as follows:

H , pressure altitude is that geopotential altitude In a standard ICA O

atmosphere where a particular pressure may be found.

H , density altitude is that gecpo~ ential altitude in a standard ICAO

atmosphere where a particular density may be found .

H
~~, 

temperature a l t i t u d e  is that geopotent ial  a l t i tude  in a s tandard

ICAO atmosphere where a particular temperature may be found .

From the above definitions , it may be seen that pressure altitude , density

altitude, and temperature altitude do not define altitudes but rather define

pressure , density , or temperature . When any two are given , the third may be

determined through the equation of state.

As an example of the use of the Standard Atmosphere Tables, let us look

at a sample problem:
0

For a pressure of 1124 lb/ft and P = 0 . 9  , de termine the pressure ,

density and temperature altitude . Why are they different?
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For a pressure of 1124 lb/ft
2 the pressure ratio is

____ = 
1124 lb/f t2 

= O~ 53ll

~ss1 2116.216 lb/ft
2

from Table 2, Appendix I, for a pressure ratio of 0. 5311 the (geopotential)

pressure altitude is

H = 16,500 ft
p

For a temperature ratio of 0 = 0,9 , d i r e c t ly  f r o m  the  T~b 1~

H = 14,500 ft
t

From the perfect ~as law (Ecu~~ticn 1)

P

~ R T

where P = 1124 lb/ft
2 and T = T P 518,688 (0.9) = L~66.8 °R

therefore ,

1124 lb/ft
2

p 
‘ 2

(1716,55 ft /sec °R) (~+66,8 °R)

p = 0.0014026

and

H = 16,950 f (Fr om the I~ ble , ising o)

These altitudes are different because t h e  g iven parameters are different

from a standard day atmosphere.

5:
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Unit 1—C

Aircraft Instrumentation

1C 1  TIlE ~Er\SUREMENT OF AIRSPEED

An accurate knowledge of the airspeed and altitude of an aircraft is very

important in flight evaiuation — not ~n1v in the area of p e r f or m a n ce  but  also

in stability and contrci testinc , aue to the fact that the aircraft velocity

is used to non—dimensionalize all the stability and control derivatives. Many

methods have been used to determine airspe ed and they range from listening to

the sound of the wind through the wires in open— cockpit aircro : to the present

p i t o t — s t a t i c  sy stems . The p i t o t— s t a t i c  :vsrem has proved to be reliable , sim-

ple and accura te  both for  the measurement  of a i rspeed , a l t i t u d e, ver t ica l

velocity and Mach number. Present day pitot—stati c systems have changed ‘V-cry

V 
little throughout the years except fo r  the fac t t h a t  t h e  p re s su re  o u t p u t s

which were and still are on many aircraft , connected directly to the instru-

ments vhere mechanical linkages transform the pressure readings to direct

readings of airspeed and a1titu~e. These system s now use pressure transducers

which convert the pressure readings to in electrical signal vh ich drives , via

small comput ing  c i r c u i t s , the p o i n t e r s  on the i n s t r u m ent s .  A i rspeed  i n d i c at or s

are ac tua l ly  u i f f e r e n t i i l  p r e s su r e  i~au ~ es c a l i b r a t e d  a c c o rd i ng  to  the  law of

frictionless adi~ibat ic fic ~,- , presuming  tha t  the  ambient  condi t ions  are those

of the standard atmosp here ~ t sea level.  At subsonic speeds , B e r n ou l i ’s

compressible equation for frictionless isentrop ic flow may be expressed as

- 

~a 
= 

~a { 
(
~ 

+ ~~~ (v)2) 

~~~ _
~} (1)
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where Pt 
= Free stream total pressure

= Free stream static pressure

y = ratio of specific heats (c /c )

True airspeed

a = local atmospheric speed of sound = yRT

Solving equation (1) for gives

v— i 1/2

~~~ 
+ l~ 

~ 

]f 
(2)

Expanding the right side of equation (1) in a b inomia l  ser ies  as a func t i on

of Mach Number (N = v
t
/a) and solvino for the rntio of total to amb ient

pres sures

V ~~~~~ ~~t
6

(3)

The d ifference between the free stream total and static pressure — p )

is referred to as the compressible dynamic pressure , or th e impact pressure

(q). At very low subsonic airspeeds this impact pressure which is felt at

s tagna t ion  points  is equal to dynamic p r e s s u r e  ( q )

1 2 -= 
2 ~a~ t

As the speed of the moving bodies is increased , the eff ects of compressibilito

are felt and the impact pressures (q) at the st3~ nation points becomes

greater than the dynamic prossures (q)
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If the ambient density in equation (4) is converted to the product of

V 
standard sea level density (p 51) and density ratio (o)

1.q = 
~~ 

(5)

Using the equation of state for amb ient conditions , solving for T and sub-

stituting in Equation (2)

1/2

= 

~~~~~~~ 
+ ~ ~

l]] 

(6)

lC—2 CALIBRATED AIRSPEED 
-

If standard sea level values are substituted for ambient pressure and

densi ty  in Equat ion  ( 6 ) ,  except for  the p res sure  d i f f e r e r .co term , the  c a l i b r a —  
V

tion equation for an airspeed Indicator is obtained in which the only variables

are 
~~t 

— 

~a 
q )  and all other  q u a n ti t i e s  ‘n the r i o : i t  s ide are c o n s t a n t s .

The airspeed indica tor  is t h e r e f o r e  a differentiul ‘ressure gauce whcse inter—

nal algebra ic  mani pula t ions  provide the  ne coss  r . r e l a t i on s h i p s  between p .

and ossl

= 

{ ~~~~~ ss1 
{
~~

Pssl 
+1 ) ~

l]j

lC—3 E(~UIUALENT AIRSPEED

At sea level on a standard day p = p and ~‘ = and the cali—
ssl a ssl a

brated airspeed indicator reads true airspeed . if , however , amb ient pressure

were used instead of sea level pressure (p 1
) the result is equivalent
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airspeed (V
e
) • The correction from V to 17

e 
is commonly called the

compressibility correction.

.1::! 1/2

V = 

{ 

(Y-i):
~51 

~a + 
~ 

_l
lJ (8)

If Equation (6) is divided by equation (8):

v / \ i / I  :.!
t / ssl \ 2

V .  = 0  (9)

Equation (5) may therefore be rewritten as

1 ~, 2
q 

2 ~ssl 
‘e

lC—4 AIRSPEED CORR iRT V: CNS

In addition to the corrections required to pa frcm calibrated airspeed

to eq u i v V i l e n t  airspeed (U) to true airspeed (V) , two other V

corrections are required in performance flipht testing; (1) the instrument

correction yhich is applied to the value observed bY the p ilot (N ) in

order to  obtain indicated airspeed (V .) , and (2) the posit ion er r o r  c or ~~o o—

don which is applied to indicated airspeed (V.) in crder to OV~~~ 4~~

calibrated airspeed (U) The instrument correction takes care of those

errors between what is introduced to the airspeed indicator and what is pre-

sented to the pilot . These errors include such item s as inaccuracies due t o

wear and tear during the airspeed indicator ’s usaoe and manufacturing

tolerances. The position error correction accounts for those errors induced
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by the field of flow about the aircraft. Position errors are further dis-

cussed later in this section.

A summary of airspeed corrections is as follows :

V b d  + 
~
V
i 

= V i d i t d  (11)

V . . + t~V . = V  (12)
indicated position calibrated

V . + L~Vcalibrated compress. equivalent (13)

V . +~~V = V  (14)
equivalent density true

iC—P THE ALTIMETER

The altimeter is, perhaps , the simplest of the instruments used in per-

formance testing. In order to read pressure altitude on the instrument , it is

merely necessary to furnish 
~a 

to the instrument as an input and then design

the instrument to indicate altitude in accordance with the relationship

between geopotential altitude and pressure used in the ICAO standard atmo-

sphere. Furnishing the exact value of 
~a 

as an input is scmewhat difficul t

and errors in measurement of p must be corrected. These position errors
a

will be discussed later. Manufacturing an instrument to follow the variation

of pressure with altitude in the ICAO atmosphere is not particularly difficult ,

but some means must be provided to allow for the variation of pressure from

standard conditions at various altitudes. The altimeter setting window resu ’~ted .

When one wishes to read pressure altitude one must have standard sea level pres-

sure set in the window (29.92”Hg), It is interesting to note that most altir-et ~ rs

are constructed in such a manner that the altimeter setting does not affect the

relationsh ip of pressure input and altitud e indication of the instrumemt .
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1C-6 AMBIENT AIR TE~PERATL’RE

Amb ient air temperature (t
a
) is an extremely important variable in

performance testing. It is not particularly difficult to measure unless

extreme accuracy is required. To measure ambient air temperature an outside

air temperature gauge is used. The reading on an outside air temperature

gauge is related to anibient air tempe~ature by the following equation:

—1 -,
OAT = t (1 + ~~~~~~~~ KM~) (15)

where K is called the recovery factor. If OA~ and M are recorded and

K is known one can solve this equation directly for ta which can be con—

V 

verted to T . The solution of this equation has been presented in graphical

form below . if K is not known but is assumed to be invariant with ambient

temoerature and N , t can be determined if OAT is recorded at two values
- a

of M . By p l o t t i n g  OAT vs ~!
2 and ex t ropo la t ing  the  data to M~ = 0, t

may be determined.

OAT

M
TEMP. RECOVERY FACTOR

FIG. IC- )
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In recent years considerable work has been done to develop a temperature m di—

cating system which will read ambient temperature directly, in other words a

system which has a zero recovery factor. Such syst~ ns are available and are

referred to as vortex thermometers.

lC—7 MACH NUMBER

Mach Number is the ratio of the true airspeed of the airplane to the

speed of sound in the a tmosphere  through which the airplane is f l ying,

M = V  /
T, a

• The speed of sound is determined by

a = /~~~~ (17)

where Ta is the absolute ambient temperature of the air through which the

airplane f ly s . There is a popular misconception that temperature must be known

in order to accurately measure Mach Number. This is not true. Mach Number

may be determined from pressure measurements alone. However , temperature

measurements in conjunction with Mach Number are required in order to deter—

nine true airspeed. Substituting Equations (16) end (l7~ in Equation (2)

we have

y—l

= 

~~~ 
p
a

Pa 
+ 
1) 

_
~] (18)

or 

~a 
+ l~~~ _l]~ (19)



r

All quantities on the ri~ ht side of equation 19 are constants with the ex—

ception of p~ and p . If these two quantities are measured and fed into an

instrument which performs the algebraic m a n ip u 1~~t ions indicated by the equation

which is used in the manufactur e of Machmeters. This Is a pressure ratio

instrument and Mach Number may be determir ed as accuratel’: as the manufacturer

can construct the instrument and as accurately as one can measure Pt 
and p .

With~ ut an actual Machmeter one can determine Mach ~umb cr  if  V and H
C p

can be measure-!. Equation 7 shows tb a value of Pt 
— 

~a 
= 

~~~ 
will define

a calibrated airspeed value and vice versa . H , as has been pr~ vi~ uslv
p V -

pointed out , is merely a measurement of pressure. q and p en the other

hand def ine a Ma--h Number by equation 19. It is possible then to construct

curves of V , M and H where any one quantit Y ma’.- be determined ~f t a
c p - . -

other t-~o are known . Such charts are us~:allv use! to Jeremmi:~e Mach Number

knowina V and H
C p

Machmeters, being pressure ratio instruments , rep-ii re accurat e pressure

Inputs. If the pressure inputs are inaccurate , faulty Mach reidincs will

result. Nachneters , like airspeed , indi cators - m d  altimeters , are subject to

position errors.

1C—8 DYNAMIC PRESSURE (q) AND IMPACT PRESSURE (q)

Dynamic pressure , q , which we find involved in all considerations of

drag and lift of airplanes in flight , is de fined as

I
q = - ~~p V (20)

If the righ t side of the equation Is multi plied and divided 
~~ °ssi 

(a

constan t equal to .002377 slugs/ft
3
).
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- -

1
q = 

2 2ssl ~~~~~~~~ 
V

f~
• ssl

and since =

~ssl

1 2
q = 

2 ~ssl 
°

2and since ~~V = v ~~t e

1 2 
= 

1 (21)q 2 ssi ~e ~a 2

Since is merely a constant , we see that q is irrevocably tied to

equivalent velocity, V
e 

When a value ~f 
~
‘
e 

is given, a value of q is

implied and vice versa. Tables can be made up giving values of q for values

of Ve These may be found in any of the aerodynamic handbooks . The tabula-

tions are valid under all atmospheric conditions and for any vehicle.

Dynamic pressure was probably first used and defined by one of the

Bernoulli brothers . (Total pressure is composed of static pressure and dynamic

pressure). In their day of very low speeds , the dynamic pressure (q) and the

imn act pressure (q) felt at stagnation points on bodies moving through air

were essentially identical, As the speeds of moving bodies increased , the

effects of compressibilIty came into play and impact pressures (q) felt at

stiona tion points became appreciably greater than the dynamic pressures. The

impact pressure (q) felt at stagnation points is the total pressure , Pt

less the ambient pressure , 1’a ‘ 
~~t 

— 

~~ 
and as has been previously pointed

out , is called compressible q or q • We have also seen that a particular

value of q is irrevocably tied to a particular value of V by our airspeed
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calibration equation (7), Once again , tables may be found of particular value

of q for particular value of V
c in aerodynamic handbooks. These tabulations

also are valid for any atmospheric conditions and for any vehicle.

What is the exact relationship between q and q ? Let us examine

p 2 4 6 8
1 
~~~~~~~~~~~~~~~~~~~~~~ 

.

Then

2 4 6 8yp M yp M •y-p M ‘
~
•p M

= 

~a 
+ 

2 
+ •V~ + 

~

•-•—

~~

•

~~

‘— + 
3200 

+ . . (22)

We have defined:

1 . 2 1 2q = 
~ 

ta ~i 
= 

~ 
p

1 
V
e 

(23)

Substituting for 
~a 

from the equation of state:

YPC
V
T

2 R T
a

And since:

y R T = a
a (24)

substituting equation 24 into equation 2:

6
+ q (1 + + + + . . )

We have previous ly said that

~~~~~~~~~~~~

_ _ _ __ _ _ _ __ _ _ _ _  V 

6 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Then:

2 4 6
= q (1 +

~~~
— +

~~~~~~
+ -

~~~~~~~~
+ . . .)  (25)

We will call the series in brackets in equation 25 f(M) . Then

q = q f(M) (26)
c

For low values of M , q = q

However, as Mach Numbers increases , q becomes appreciab ly greater than q

(For M = 0 . 6 , f(M) = 1.093)

Thus we see that the stagnation pressures exerted on bodies flowing

through air are greater by [f(M) — 1] than the dynamic pressure. The forces

exerted on the body, it follows , are also greater than those predicted by

assuming air to be incompressible. However , the science of aerodynamics had

developed along incompressible lines for so many decades that the many defini-

tions of coefficients such as CD, CL, CM , etc , based on q , rather than

were universally accepted as d e f i n i l r m s. As Mach Numbers increased , but were

still lower than the critical Mach Number for a p a r t i c u l a r  b o d y ,  i t  was n a t u r a l

that the increase in forces on the bodies should be attributed to Mach effects .

Thus we see different curves for C
L 

vs cx for different Mach Numbers ccrm~encing

at values of M lower than those where Mach Number affects the flow . At s t i l l

higher Mach Numbers the true flow effects of Mach Number are encountered .

1C—9 POSITION ERROR

Position errors occur because the pressures registered by the p itot—s tat ic

system differ from the free stream pressures because of the existence of other

than free stream pressures at the pressure source and/or errors in the local
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pressure at the source which is caused by the pressure sensors.

In subsonic flight , the flow perturbations due to the aircraft static

pressure field are nearly isentrop ic in nature and do not effect the total

pressure. Except at extreme angles of attack , as long as the total pressure

source is located in an undistrubed area (i.e~ , out of the wing or propeller

wake, out of the boundary lay er , out of the region of localized supersonic

flow), the total pressure error will usually be negligible. Particularly in

performance fli ght testing , an aircraf t capable of supersonic speeds should

have a boom—mounted p itot—static system so that the total pressure p ickup will

be located ahead of any shock waves formed by the aircraft.

The static pressure field surrounding an aircraf t in flight is a function

of speed , altitude , angle of attack , Reynolds number and Mach Number. It is

therefore rarely possible to locate the static source in a location where fr~~e

stream static pressure will be sensed under all flight conditions. As a

result of this , static pressure position error will generally exist.

A presentation of airspeed and altimeter position errors is shown below

for the T—38 aircraft. (Configuration PA—gear and flaps down; configuration

CR—gear and flaps up).
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lC-lO PRESSURE LAG CORRECTION

One additional error correction is of a d namic nature. The pressure

lag error exists only when the aircraft in which the instruments are installed

is changing airspeed or altitude . In this case there is a time lag between

such time as the pressure change occurs and when it is indicated on the

instrument dial. Pressure lag is basically a result of:

1. Pressure drop in the tubing due to viscous friction.

2. The finite speed of pressure propogation . ( Ac c us t i c  lag)

3. Inertia of the air mass in the tubing.

4. Instrument inertia and kinetic friction.

V A detailed discussion of pressure lag may be found in ~ACA ReFort Number 9l~~.

iC—li TRANSONIC AND SyPERSONIC POSITION ERRORS

In transonic fli ght there may be a shock wave ahead of both the total

and st a t i c  sources , between the two sources , or a f t  of both sources. The

position of the shock wave in relation to the total and static sources will

seriously affect the inputs to each . In supersonic flight thero will he a

shock wave ahead of both sources. The to ta l  pressure  
~~~~ 

ahead of the s h o ch

wave is greater than the total pressure behind the shock wave , and the static

pressure (p) in front of the shock wave is less than the static pressure

behind the shock wave. The magnitude of the differences will depend on the

positicn of the measurement sources in relation to the shock wave and the

type of shock wave will depend upon the operational Mach Number and the

geometry of the bod y.  I t  is d i f f i c u l t  t o  genera l ize  about  the p o s i t ion

errors associated with transonic and supersonic f l i o z h t , but these errors must

be O ccoLnted for in anY performance flight test.
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~TOTAL

~ ci < F’a
FIG. IC- 4

lC—1 2 SUlO U~’f OF UNIT 1

In summary we have seen that t h e  C V\ O  s t a n dar d  atmosp here is that used by

the  l ni t e d  S t at e s  and a1L o ther  l~~TO countries. This atmc sphere grovides an

a r b t t r V l r :  standard atmosp heric basis to which perfo~~ nnce data may ‘cc reduced

fcr comparative purposes.

The following fU~ Ct1OOO1 relationshiro veto develored and discussed .

Each functional relationship is , of course , diff erent.

V = f (~~) (~7)
V 

V = f (V , H )  = f(q , H )  (8)

= ‘
~
‘
e ~~

‘
° (9)

OAT = f (T , M) (15)

f ~~~~‘ 
H P  = f (V

c~ 
H )  (19)

q = f (V) = °ssi ~
‘e (23)
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V - -V V -~~~~~~

= f(q, 
~series~ (26)

V V
T = f(M, Ta) = f(V , H~~ Ta

) (16)

I - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- — -— -- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -



- .

SU P PL E M~- NTARY PROELII-!S

U-nit 1

1. For a thermally perfect gas at cons tant density, doub ling the temperature

(degrees Fahrenheit) results in :

a. Halving the pressure

b. i~~uhling the ~res~ -ire

c. Increase of pressure by a factor of ~/2

d. None of the above

2. The temperature in deurees Pankine is approximately the temperature

in degrees Fahrenheit plus ~~~~~ 
V
~V 4th a tempe rature 1-apse rate c-f

—3.3h6 °F/l000 feet , the temperature at 10 ,000 feet is:
- o

a. 93.i

b. :2.9

c. 35.7 °F

d. —10.3 °F

3. If the temperature ratio (0) is 0.82 and the pressure ratio (I) is

fl •3.~, what is the density in an TOAd S ta n d ar .~ Atmosh he re?

4 . For the condi t ions  in P r o b l e m  3 above , what is the pressure altitude?

5. For a pressure altitude of 18,000 feet ~nd a temperature of 15

is the ICAO temperature altitude ?

6. For the conditions of Problem 5 above , wh a t is the d e n s i ty  altitude?

7. In th e Stratosphere , wha t is the relationsh ip b etween d en s i ty  r at io

and the pressure ratio (f)?

-~~~. The sneed of sound at sea level ( s t a n dar d  o on d i t i on s )  is a u n r o x i m a te l ’ V’

1116 ft/sec. If the temperature ratio at altitude i~s 0.25, the speed

of sound at that altitude is:

a. 279 f t/sec

h. 4l6~1 ft/sec

c. 558 ft/sec

d. 2232 ft/sec

9. The relationship between True air speed and Equivalent air speed

~~~ 
~~ = V~~5) is valid for:

- i .  Only the incompressible case

b . Pn]v the compressible case

c. ~n1’: when the  ambient d e n s i ty  equals the standard sea level density

d. Both the compressible and incompressible cases

-
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SUPPLENE NTARY PROBL F2dS

Unit 1

(Cont)

10. At sea level, with no instrument , compressibility or p~ sition erros , the

air speed that the pilot sees on his air speed indicator is:

a. Always less than True air speed.

b. The same as Equivalent air speed.

c. Always greater than the True air speed. V

d. Usually less than the Equivalent air speed.

11. At an a l t i t ude  of 10 ,000 fee t , wi th no ins t rumenta t ion, compress ib i l i ty

or position errors , the air speed tha t the pilo t sees on his air spe ed

indicator is:

a. Always less than the Equivalent air speed.

b. Always greater than the VCrue air speed.

c. The sane as the Equivalent air speed.

d. Usually greater  than the Equivalent  air  speed .
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SUPPLEMENTARY PR OB L EM S

SOLUTION SF-~~ET

UNIT 1

1. For a thermally per~feet gas , the press ure is equal to
the product of the Gas Constant , the density and the absolute

temperature

P Rp T Eq. (1), 1-B

therefore

~2 
T2

and ~cith constant density (~~~ C2 )

P
1 

T~

T
2 2

Doubling the absolute temnerature doubles the pressure.

but doubling the temperature in degrees Fahrenheit ~cill not.

The answer is:

d. None of the above

2. The ICAO Standard S~~a Level temperature in degrees Fahrenheit

is the St andard temperature in dearees Rankine minu s 460

I = (518 .59 °R - 460) 
0F 58.59 °Fssl

with a lapse rate of -3.566 °F’l ,ooo ft , at 10 , 000 f e e t

the temperature has decreased by 35.6c 
0
F. The temperature is

therefore h o coo = (58 .59 ~3.5d~ X 10 ,000) 23.93 °F

The ansi~er is:

b. 22.9

3. Pressure ratio equals the product of the densi ty ratio and

the temperature ratio

~ ~~~ x e E q .  (1). 1-B

The densit’- ratio is therefore

0.34 fl.41
0.87

V 
The d e n s i ty  is thp mroduct of the density ratio and the sea

level density

~~~~~~~~~~~~~~~~ Pssi = 0. 41 x 0.00737~ 9 = 0.0009 45 slucs ’ft 3
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~dJPPLEMENTARY PROBLEMS

SOUT [ON SHEET

UNIT 1

(Cont )

4. Table 2 of Appendix I shows that at a pressure ratio of

0.3398 , the pressure altitude is 27,000 geopotential feet

The answer is:

H 27,000 ft
p

5. At a temperature of 15 °F’, the absolute temperature is

approximately (460 + 15) 
O;~ = 475 0R. The temperature) ratio

is therefor e 475 0~~= = 0.9159
518 89 QRFrom Table 2 of V~ p~~end1x I . the rollowing values are read :

Altitude e

12 , 000 f t  0.9175

12 ,500 ft 0.9141

In this range , the change of ~ with H is

= (0.9175 - 0.9141) 
- 6.8 x 1O~~~ -’ft 

V

.~H (12 ,000 - 12 ,500)

(Note the minu s sign indicates a decrease in ~ ;cith an . increase

in alti tude).

The actual temper ature ratio is e = 0.9 159. The -difference

b e t V .~een this ratio and the ratio at 12 ,000 ft is

= (0.9159 - 0.9175) =
therefore ,

= ~~~~‘(~~~‘~ H) = _0.0016’(-d .S x l0~~~) = 235 f e e t

and FI
T 12,000 - 235 = 12 ,335 ft

6. ~ = 0.9159 (from Problem 5) and 6 0.4993 (from Table 2 )

since 6 = Tx ~
0.4993 

0.5451
0.9159

Interpolation of the values in T ab ip  2 (in a manner as

shown in Problem 5) shows that atQ = 0.341

Ue 19.~ 7f’ ft
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SUPPLEME NTARY PROBLEMS

SOLUT ION SHEET

UNIT 1
( Con-t )

7. In the Stratosphere the temperature remains a constant ,

therefore the temper ature rat io remains a c onstant . Sinc e

V 6 =~~~x ~ =- cy~c a cons tant

a co n s t a n t

8. From Eq. (7), i-C , the speed of sound is a or

a = Jl.4 x 1716.55 x T ft/sec = 49/T ft - sec

Hor a temperature ratio of 0.25 , the speed of sound is

a = 49~/(5l8.89 x 0.~~~~ = 558 f t V ’sec (c.)

9. Equivalent air speed is the velocity computed on the basis

of sea leve l  d en s i ty .  ~chile True air s~ eed is compu ted on

the basis of ambient (local) de—~~itv . D~r n am i c  pres~ nre is
2q -

~ ea T ? (‘s~~1~~e

This is the actual d~-namic pressure (o) for both the compress-

ible and the in~~~npressib1 e ca’~ec . The impac t pressure ma’.-

very , but the d- V - ruamic pressure remains the same . The answer

is d. Eoth thC c-onpressible and incompressible cases.

10. .~ith no instrument errors , the 0hserved air speed is equal

to the Indicated air sheed (Eq. (11), 1-C). ‘V~~1th no position
V 

err or , the Indicated air speed is equal to the Calibrat ed air

speed (E q. (12), 1-C). and ~ i th no compressibility corr ec tion,

the Calibrated air speed is equal to the Equ i v a l e n t ai r  speed

(Eq. (13), 1_ C). Therefor e , ~vhat the pilot sees is Equivalent

air speed . V;d . e ans~~v e r  i s

b . The s ame  as E q u i v a l e n t  a ir  speed

11. VAt a l t i t ud e , a l l  of t h e  c o n d i t i o n s  of Pr oblem 10 are s t i l l
valid. At sea level  the E q u i v a l ent  a i r  speed is equal t o  the
True air speed (E q. (l 4)~ 1-C), but ~vhat the pilot sees at
altitude is still F quival~~nt a~ r speed . The answer is:

c- . ihr~ sam~ a~ Er~-u v a c~n air ‘~nev~d.
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AE 2305
PERFO RMANCE I

Unit 2 — Drag, Power Required, Thrust Required

V OBJECTIVE S

As a result of your work in this Unit, you should be able to:

1. Write a general equation for the total drag coefficient for a parabolic drag

polar.

2. Express drag as a function of velocity for a parabolic drag polar.

3. State the lift—to—drag ratio for minimum drag and show where this occurs on

a drag versus velocity plot.

-~~. Give the relationship between parasite drag coefficient and induced drag

coefficient at the point of minimum .

5. Discuss the effect of weight changes on the shape of the drag polar and on

the changes in velocity for minimum drag.

6. Discuss the effect of changes in parasite drag coefficient on the shape of

the drag polar.

7. Explain how drag changes with altitude on a drag— True air speed plot.

S. State the relationships between drag, thrust required and power required.

9. Express the lift—to—drag ratio for minimum power required and show graphically

where this occurs on a power versus velocity plot and on a thrust versus

velocity plot.

10. Express power required as a s~~n cf two velocity-related terms.
V 11. Express t h r u s t  required as a sum of two velocity-related terms .



AE 2305

PERFORNANCE I

Unit 2

PROCEDURE

1. Read Sections 2—A and 2—B.

2. Memorize equation (7) in Section 2—A and equations (6), (10) and (12) in

Section 2—B.

3. Revi ew the Statement of Object ives .

~ ~\nswer the study questions .

5. Review the resource ma terial as necessary, based on ~ou~ diffi cu lty wi th

the Study Questions.

When you are ready , ask for the written test on this Enit. This test will

be Closed Book. If equations , other than those listed to be memorized , are

required they will be furnished .
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AE 2305

PERFORMANCE 1

Unit 2

STUDY QUESTIONS

1. ~hv is the drag polar for an ideal airplane parabolic?

2. Prove that the minimum drag for an ideal airplane occurs at the intersection

of the induced and parasite drag curves. (Hint: at minimum drag, dD/dV = 0

3. The drag coefficient for an aircraft is expressed as

CD 
= 0.04 + 0.08 C

L
2

What is the coefficient of lift at the ninimum drag point?

4. For the same aircraft as in question 3, if the wing lift efficiency factor

(e) is 0.8, what is the Aspect Ratio?

5. Since power (in ft—lb/sec) is equal to thrus t (lb) times velocity (ft/sec),

what is the general equation for power as a function of velocity ?

6. What is the relationship between parasite drag and induced drag at the point

of minimum power?

7. What is the effect of an increase in aircraft vei~ht on the parasite dra:?

On the induced drag?

8. What is the effect of increasing altitude (decreasing density) on the plot

of thrust required versus True air speed? On the plot of thrust required

versus Equivalent air speed?

9. What are the limitations on a plot of thrust required versus True air speed

as to weight , altitude and configuration of the aircraft?

10. What is the effect of an increase in altitude on a plot of power required

versus True air speed?

~~~~~~~~~~~~~~~~~~~~~~ V~~~~~V V *V ~~V - - ~~~~~~~~~~~~~ 
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AE 2305

PERFOR MANCE I

L’n i t  2

STUDY (‘V U EST I ONS — SOLUTIONS

1. C
D 

is a constant and C
D 

= f(C
L
2
)

p i

2. D = K
1 

V +

= 2 — 2 K7/V
3 

= 0 and 2 K
1
V = 2 K 2 /V 3

multiPlvjrw both sides by V/2

K1
V = K

2
/V or Parasite Drag equals Induced Drag

3. CL 
= O . 04 / O .O 8)  = 0.07

•~ . 1/-r ARe = 0.08 , therefore AR = l / ( r  x 0 . 8  x 0 . 008) 5.0

5. T = K 1
V + 

~2
”
~ 

a~ d Power T x V

therefore , Power = ~~1
V )  x V (n 2 X

6. 3 C0 (See F’i~ . 2~ --~)

7. ?r~rasit e dra g does not char ~ -~~. h-~ uco-~ ~r a g  increases .

8. The cur’;e moyes along 1 V~~ Cr’V~~~~~~V - 1 n t  ~~~~~~~ c ir’ P t anu e r i t  t~ t:-~ u f f l i nu r  ~~ ru st

required line.

9. /~ne wei~’ht , erie -ilt itude , on~ c~’n~ 1 ~~~~~~~~

10. ‘-~oves curve along a line fron thc - - r i~~in ~V-1n:t-ut to the curve . (See Fig.

25—8). -

- 
-_ - ~~~~~~~~~ 

V
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GLOSSARY OF TERMS

a — Subscript used to denote ambient conditions

a — Angle of attack

AR — Aspect ratio (Wins Span)
Wing area

CD 
— Coefficient of ~~~

C
L 

— Coefficient of Li ft

CD 
— C o e f f i c i e n t  of Induced 2r~~g

D — Dra g

D — Parasite drag
p

D . — duced drag

e — Lift efficiency factor

hp — Pressure altitude

K1
K2 — Constants , may have different values dependfng on equation involved

L — L i f t

M — Mach number

— Viscosity

P — Pressure

R — Revnold ’s numbern -

p — Density

S — Surface area
0a

0 — —7 
~SSL

SSL — Subscript denoting standard sea level

T — Thrust

T — Ambient temperature
a

~

V V V

~ 

_ _ _ _ _ _ _ _  ~~~~~~~i~~ •~- ~~~~~~~~~~~~~~~~~~
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V — Velocity

VC 
— Calibrated velocity

V — Equivalent velocity

V
T 

— True velocity

— Weight

I
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2A— l DRAG POLARS

A drag polar is simply the relationship be tween the airp lane ’s drag

coefficient (C
D
) and lift Coefficient (C

L
)
~ 

The following discussion will

briefly outline the origin of the terms (CD, CL, ~1, Rn) and then review some

ac tual airplane drag polars. The objective is to develop a “model” ~ rag

polar which will be the bas is for much of the theory ~ s~~d i n  the  o er f or ~~an ce

course.

A dimensional analysis of the following variables

L f ( p ,  P , V , ~~~, S , a) 1 1

yields the following functi~ na1 relationship

CL 
= f (

~ , N , R )  Assum e S = or S = f (- i , ‘-~ ) (~~)

LiEew~ so , a s~~-~ilar  anal ysis  of th o  ~r a z  ‘;ar~ ables

D = f (p. P, U, ~, S, -
~~) 

(3)

v i e  1 d s

C
D 

= f (-a, N , R )  S = or S = f ( a, N )

Equation 2 can be rearranged and written as

a = f (CL, ~~ 
R )  (5)

and th en substituted into equation ~ to give

C
D 

= f (CL. N , R )  S =
cr 

~ = ~~ ~ (6)
or 

s = f (C N)

- - - - - - - V  - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The final result of the dimensional Vcna lvs is  (Equation 6) indicates

that the drag coefficient (C
D
) is dependent on the lift coefficient , Mach

number and Reynolds number. The following are some considerations of the

results:

The final results (Eq — 6) is a more compact st a t em e n t  of

the original statements (Eq —l and 3). Equations 1 and 3 wi~re

jus t statements of what we “know” based on past observations .

Ii we omitted an important variable in Eq — l or 3, then there is

no wa’- that the dimensional analysis can introduce the important 
V

variabic. (s).

The cimensional analysis does ~OT indicate any type of

equ~ tion (e.g. linear , parabolic) relating C
D 

wi th CL ’ N or R .

Equ :ti-2 n~ ~ust come from a theory ond/or experimental result(s).

The dimensional analysis has enabled us to  efficiently describe the drag

characteristic of an airplane... During f l i g h t test we can now document the

drag characteristics in terms of only three parameters (Eq — 6) i n s t ead  of

the six variables as indicated in equation 3.

We will now look at ~orr-e actual a~.rplane urag polars. An CV ~o t’ V ’n cr

model for a drag polar is shown below

CD = C D
+ —ftR (7)

Sketching of the above equation shows the effect of C
D 

and 1/eAR on tb polar
0

where CD = Drag coefficient at zero lift
0

e = Lift efficiency factor

AR = Aspect Ratio ~Win~ SPan)
Wing Area
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V / /  / CD4NCREASE~~~~

C
D C D

DECREASE I DECREASE I
D-e AR

c L
FIG. 2A- I

The above form of the drag polar (parabolic) suggests a convention for

plotting experinental CD 
— C

L 
data. Ve see that if the drag data is plotted

as C~ = f(C
L
2
) it will be linear if , in fact , the polar is parabolic. If the

airplane ’s polar is of another form then the C
0 

— C.~ plot will n ot  be linear .

Figures 2A—2 through 2A— 7 present the drag polars of various airplanes at

different f l L : h t  condItions . Note that fer any  given Mach , the polars shown

in Figure 2A— 2 conform well to the parabolic form (CD = K
1 

K~ CL
). If we

consider the slope (K2) and the intercept (K 1
) to be fr:nctions of Nach they

- 1
woulo a r V o c ir  as shown in Figure 2 (recall that K, = and K, ~~—~~d • The

trends illustrated in F i gur e s  2A—2 and 2 A —3 are classic. That is . .  . e~ P

V — .— ~~~~~~~~~ V 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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and C
D 

are constant in the low Mach range and then increase above a given

Mach. The value of C0 and , along with the N where the curves bend ,

vary for different airplanes.

The “dirty ’ (gear and flaps down) polars (Figure 2A—4) for the same

airplane can be considered to be parabolic over the mid C
L 

range but break

upward at the low and high lift c oe f : i ci e n t s . We see that the confi guration

chance e f f e c t i v e l V - increased C0 but  did net change the value of lfre -\K .
0

Figures  2A— 5 and 2A— ~ are included to  i l l u s t r a t e  th e  l i m i t a t i o n s  of some

of the assumptions ye have made.

Figure 2A —5 illustrates the effect of power setting on the polar (a

variable representir.g power setting was not included in the original dinen—

siunal anal :~ is). Fi cure 2A—6 shows a polar that is definitel y not of the form

we assumed (C
0 

= K
1 ~ 

K2 CL 
). Figures 2 A 5  and ~~-\— ~ show that the nc-del polar

that we use is ~~~ alway s appronriate.

PROBLEMS : (IA—I)

(1) Fit an equation to that data of Figure 2A—~ . Use a pol ar o f th e

form

CD K1 
+ K~ C~~ where n is an intecrer

(2) D e t e rm i ne  the equation fc- r the polar shown in Figure 2 A — 7 .  Assume

-l parls ’lIC form.

84
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(3) Given the following test data S = 300 ft

h T V D L
p a e 

2
(ft) (°C) (fps) (lbs) (lbs) 

C
D C

L 
C
L

1 5,000 +9 150 1,274 10,000

2 10.000 —5 200 1,136 9,500

3 10,000 —6 300 1,781 9,000

3 20,000 —23 400 2,947 8,800 .0517 .1543 .3238

5 20,000 —23 400 3,559 23 ,000 .0624 .3207 .1770

6 20,000 —24 800 15,190 30,000 .0666 .13148 .0173

7 40,000 —55 500 4,570 12,000 .0513 .1346 .01-8 1

a. Plot the drag polar C
D 

= f ( C
L

2 )

b. Compare graphically determined values to compute values usim o

0 D V L L
C = — =  - 2 anc C —

~
- . 2D qS SSL 1

e 
S L qs c

SSL
\
~ ~~

ANSWERS

C
D 

C
L 

C
L

1 .1588 1.247 1.554

2 .0811 .6661 .3438

3 .0555 .2805 .0787
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2A-2 DRAG EQUATION

In this section the equations relating the lift and drag characterist1cs

of an airplane in level flight will be developed . These equations will then

be analyzed to determine the speeds yielding minimum drag, the va lue  of mini-

mum drag, and the effects of weight , altitude and other variables on drag.

Lift and drag characteristics will only be considered in the speed region

below the critical Mach Number (subsonic) where certain parameters are essen-

tially independent of Mach Number. Lift and drag in the speed region above

the critical Mach Number (transonic and supersonic) where these parameters

may be t iach Number dependent will be covered in a subsequent course.

2A—3 Low Speed Drag Fqua tion

A level flight drag equation may be developed where drag will be ex-

pressed as a function of airspeed. A parabolic drag polar will normally be

assume d since this polar has both theoretical and experimental basis. Thus by

d e f i n i t i o n

D = c
0

q s  (8)

and assuming pbrabolic d r ag  polar

C~~
C = C  .4~~~___j :~_ (9)D neAR

In order to develop an expression for the C1 in level flight , look at the

forces acting on an airplane in level flight in Fig. 2A—8.

___ — _ _ - _~~~~~~~~~—~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIG. 2A -8

To maintain level flight

= Fz =

or

L — ~ 
-
~
- T sin~~~. = 0 (10)

3

solving f or L we hav e

L = — T sina . 
(11)

L i f t  c o e f f i c ie n t  is defines as

c 
L

L 
- 

qs

51h s~~i t u t i n g  Equation Ii into the above gives

C
L 

(12)

S
- V

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Substituting the equation (12) into Equation 10, gives

- 2
(W — T sina .)

D = C ~~~ q s +  
1 T e A R 0 S  

(13)

V 

To simplify the above equation , assume that weight (W) is much larger than the

vertical thrust component (T sine .;). This is probabl y a valid assumption f o r

conventiona l airp lanes in cruise flight where -aj will be small. However , at

low speed (high a .) and high thrust setting the assumption man in t roduce

considerable error.

Assuming

U > T sina .
3

Ecuation 13 reduces to

D = C
0 

q s + 
e q s 

(13 )

The d\rnamic pressure  (q)  can be ~:-:pressed in cmv of the ;oollcwinc ways

q = 1/2 ~ v 2
ssL e

or q = 1/2 a

or q = 1/2 
~~a

By substituting V~~flV one of the above equations into Equation 13 , the level

flight drag equation ma’: be rewritten as:

D = 
~
‘
e~ 

D = C
0 

1/2 
~ssL e 

S + 
2 

- 2 
(15)

0 ~~e A R s o  \
ssl e

D t (
~ T
) D = C

0 1-2 
~a 

V
~
2 

s + 2 W 
• (16)

e A R s~~ t’ ’
a T

04

- -  
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C
D 

‘Y- P M S

D=f(N ) D =  
2 

2W  
(17)

r e AR s -(P M
a

2A-4 DRAG VARIABLES

In this section the above equations will be examined to see hcw the level

flight drag equations are affected by the variables ~~~E the equations .

Equation 15 can be simplified considerably by letting

C
D

K
1 

= 2 °ssL 
S

2
2W 5

2 r e AR s ~ssL

- 
V 

(NOTE that these are not the same constants , K1 
and K ,, as used in Section

2A—1)

Thus Equation 15 becomes

parasite drag (D) induced drag  (D
i
)

— 0 = K
1 

V
e~ 

-4- —
~~

- (18)
v s
e

K
1 
and K2 v-ill, in f ac t , be cons tant  under the following conditions :

a. Airplane configuration fixed and ‘working” at low Mach Numbers.

~ nus

CD =
0

l/t e AR = éV V~

S 

~~~~~~~

b. A t a given gross wei~ ht (U)

-V  V
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A sketch of Equation 18 is shown below in Fig. 2A— 9

D 
PARASITE

INDUCED

V~
FIG. 2A- 9

The general features  of t L e  curve are:

a. Positive sloped segment is often called the “front side”

b, Negative sloped segment is called the “back side”

c. The portion of the curve surrounding the minimum drag point is called

the “bucket ” o f the curv e .

d. The minimum speed point  is the level f l igh t  stall  speed.

2A—5 Level Fl ight  Drag Equation — General Form

A mor e general fo rm of the level flight drag equation (a form that  is not

based on the parabolic polar) is developed below . Since d rag (D) can be ex-

pressed as

D = f . ~J • L
L

Dividing the n~ nerator and denominator of the bracketed term by qs gives

C
• L (19)

L

96



Assuming level flight and no appreciable “thrust” lift (c~j 0) we can

assume

L W

and , substituting the above into Equation 19 gives the general form of the

level flight drag equation.

C
DD = — .L
CL

or

D =  (20)

[
~~

]
D

The drag for level flight is therefore dependent on:

a. The gross weight (W). (Directly)

b. The ratio of C
L to CD. (Inversely)

The evaluation of level flight drag for the arbitrary drag polar is illustrated

below.

~ 

CL=2\ 
CL j 7j

c~~
, D~~~ — D

FIG. ZA- lO
I

I
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Thus for a given weight and airspeed, the level flight drag can be obtained by

a. First determining the C
L required for level flight at the given

weight and airspeed.

b. Then referring to the drag polar at the above C
L and determining the

corresponding CL/CD
c. Computing the level flight drag D

2A—6 Conditions for Minimum Drag

a. Parabolic Polar

The conditions for minimum drag can now be determined . For an airplane

with a parabolic drag polar,

D = K
1 
V 2 + K 2 

V 2 (18)

The minimum drag point is found by setting the derivative of the drag with

respect to V
e equal to zero.

dD
= 0

e

Thus

dD
dV = 0 = 2 K V  — 2 K Ve l e  2 e

Multiplying 
•
the above by V

et2 and rearranging gives

2 —2K V  = K Vl e  2 e

or

(2].)

98
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which, when divided by qs, gives

C = C ~ 
(22)

i

Thus it is shown that minimum drag occurs at that point on the D = f ( V )

curve where D~ = Di . 
On the drag polar [CD 

= f(C
L
)] the same minimum drag

point is that point where C
D 

= CD . See the sketch below
1 0

/ MIN. DRAG

C 0

CL
FIG. 2A - I I

b. General Polar

Assuming a general polar, equation 20 can be used to illustrate the con-

ditions for minimum drag.

D =  W
CL/CD

For minimum drag at any given weight

D mi
= C

W (23)

~— max

I
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To minimize drag the C
L/CD ratio must be maximized. A maximum C

L
/C
D

ratio (or minimum CD/CL ratio) can be found graphically by placing a straight

line through the origin and tangent to the C
D 

= f (C
L) curve.

~0

FIG. Z A - 12

NOTE: The angle 0 is tan 1 CD/CL and the minimum angle is the minimum CD/CL
ratio. Therefore, a line drawn from the origin tangent to the curve
locates C /C or C /CD L m.in L D max

2A— 7 More on Sketching the Level F1ig~ic Drag Equation [D = f(Ve
)]

Look now at the effects of the variables (CD , W) on the level flight

drag curves D = f(V )

a. Weight Effect

From the drag equation (Equation 15), it is seen that weight (W)

appears only in the induced drag term. This effect  is to change the K2 term

in equation 18, i.e.

D - K  V 2 + K  V 2
l e  2 e

2W2
where K2 

— 
~~~~ s p 

(24)
ssL

100

4

L -- - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-

~~~~
----

‘

~~
--

~~~



Equation (24) shows that K
2 varies as the square of the weight. For

example, increasing the weight by a factor of two would increase K
2 by a

factor of four. The total drag for an increased weight is obtained by adding

the new induced drag term (K~ Ve
2
) to the parasite drag. It is also

apparent that the total drag change (AD) is as shown below

AD — AD
i

or

AD AK V 2

H or 

2 e

w 2 W 2

AD 
[reAR S p  

1 )] V 2 
where = original weight

ssl
and W

2 
new weight

Figure 2A—l3 illustrates the effects of a weight change on the D = f (V )

curve. The effects of a weight change is summarized below.

0 Large drag changes occur at low speed and relative small changes

occur at high speeds.

The minimum drag speed increases as weight increases. The locus

of minimum drag point is

I Ci D M  2D — i — p  S Vtnin 
~. 

2 ssl e

4 where C~ is the drag coefficient corresponding to the CL/CDM max
point.

The slope of the drag curve at any given V
e becomes less positive

as weight increases.
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~~ ~ITT~~ IH~I

0 The CL speed increases as weight increases. The locus of C
Lmax max

points on the D = f ( V ) curve is

c
2

D — — p  S VCL 2 ssl e

where CD is the drag coefficient corresponding to the C
LS max

C
Db. o Effect

CD
The effect of a variation in o on the drag equation is to change the

K
1 

term in the drag equation

D = K  V 2 + K  V 2
I. e 2 e

CD P  So sslwhere K

C
We see that K

1 
will change proportionally to the D

0 change. The

change in total drag will be the same as the change in parasite drag (the in-

duced drag doesn’t change)

AL AD~ = [A
D
O 

p
551 

}

the effect of a change in ~~ is illustrated in Figure 2A—14.

C
Note the following for changes in D0

o The large drag changes occur at the higher speed and relative low drag

changes occur at the low speeds.

102

L - _ _ _ _ _ _ _ _ _ _ _ _  -
~~~~~~~~

-
~~~~~~~

-
~~~~ ~~~ -~~~~~~~~~ —~~

- — -



_ _  ‘ 8

\\
I
I 

0
\~~~\ I I

! 
~ i~:I ‘N 0 \ \

\ \ \ \ I
I I

\ \ . ,  I. 0  tO ~.. \ I
II~~~~~~~~~~~~ ” \ \ \  ‘I

~

/ 
j

I \ \  I
I I 

~~~~~~~~

/ /~\ \
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  

/~/ I \

_ _ _  _ _ _ _  _ _ _ _  0

SONflOd -

103

L



C
o The minimum drag speed decreases as D

0 increases. The locus of

the minimum drag point is

4 2
D
mi 

= 

~~~~ s
w

p V 2 (See Problem 2k-Il)
ssl

o The slope of the D = f(V ) curve is more positive at all speeds.

c. Altitude Effect

The low speed drag equation [D = f(V fl does not contain any altitude

dependent variables and therefore changes in altitude will not effect this

drag curve. (There will however be a change in the D = f (V ) curve if the

Mach effects are included).

2A—8 Sketching the Level Flight Drag Equation ID = f (V ~ ) J

The effects of W, CD 
and h on th e D = f ( V

~
) curve.

0

a. Weight Effects The effects of weight and CD on the D f(V
~
)

curve are very similar to the effects of same

variables (W and CD) on the D = f(V ) curve.

b. C0 A detailed analysis of the W •and C0 e f f ect s

will not be presented in this section since

it would be very similar to the discussion in

I the previous section.

c. Altitude Effects

Two methods are available to determine the effects of altitude on the

D = f (V
~
) curve.

104
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Method I — It has been shown that the D = f(V
e
) does not change with

altitude. Inasmuch as

V = V
e t

the D f(V
t 

V~) curve (below) will be independent of altitud e

(again “low speed”)

D~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Ve or V1~~~’
FIG. 2A 15

Thus any point (D and Ve) on the above drag curve will correspond to the

same dr ag level and a higher V~ (V
~ 

= V ,V~ ) at higher density a l t i tude.  A

plot of a drag curve ED = f ( V
~

) ]  standard sea level o = 1 and then at a higher

h (lower ci) as shown below.

j
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Vt
FIG. Z A - 1 6

The altitude effects are summarized below

° The curve “shifts” to a higher speed

o The minimum drag point naves to a higher V
t 

(same V / v ’ci)

o The value of the minimum -Irag is unchanged

° With the assumption of no C change [C = f(P. ) }  and no thrust
L L nmax max

lift , the stall po int shifts to a higher V~ at the same drag (D).

Method II — Another way to analyze the effects of density changes on the

D = f ( V
~
) curve is to examine the D = f (V

~
) equation

(E quation 16) . The equation can be wr i t t en  as

D = K1 + K
2 V~~

2

where CD p  S
O a

2
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and

2W 2
K2 ,ieARS P aS

(Note again that these are d i f fe ren t  values of K1 and K 2)

Inasmuch as density tern~s ~~~ 
appears in both the parasite and induced

dr ag terms , an increase in density al t i tude will

a. dec rease K1

and

b. increase K .,

A plot of the D = f ( V
~

) equation as p ., varies is shown ~n Figure 2A— 17.
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PROBLEMS (2A-II)

Given an airplane with the drag polar

CD = .05 + . 1C L
2 CL = 1.5

max

and

S = 200 f t 2

= .002 s lug / f t 3

W = 10,000 lbs

a. Graph D~ = f(V
e) for level flight

b. Graph D~ = f ( V ) for level f l ight

c. Graph D = f ( V ) for level f l ight

Solve for  the following (by equations ) and compare the results with the

gr aph made above .

— d. What is the minimum drag l i f t  coeff icient  (use C0 
= C

D ~i 0

e. What is the minimum drag speed (V e)

• f . What is the stall speed

g. What are the levels of drag associated with parts e and f.

ANSWERS

d. .707

e. V
e 

= 244 f ps

f .  V = 167 f pse
g. e 1414 lbs

f 1833 lbs

L 110

----- -- - - -  ~~~~-~~~~~~~~~~ - 
.--~~~~~



UNIT 2 B

POWER REQU IRED

2B—1 DRAG VERSUS VELOCITY

An aircraft with a specified wing loading (Weight divided by wing area,

W / S) ,  operating at a spec~ified altitude (p) in unaccelerated flight (W = L)

must have a Coefficient of Lift

CL = 
1 ,2 

= K1V 2 (1)

where K1 = c

and each value of Lift Coefficient may be represented by a value of Velocity.

And since the Drag Coefficient

= 
~~~~ S 

(2)

for each value of velocity computed from equation (1), the Drag of the aircraft

Is related to a specific value of Drag Coeff icient . Thus it is that the Polar

(C
t vs C0) , by a change of scale, may become a plot of Drag versus Velocity,

valid for one wing loading at one altitude.

The two types of low Mach Drag, Parasite and Induced, may also be plotted

as a function of velocity. Parasite Drag is a function of the square of the

Velocity,

1 2
D = C

0 
S V ~~ (3)

p

i l l



while Induced Drag is a function of the inverse square of the Velocity,

2= C0 ~SpV (4)

/ 2 \
(
C
L 

) ½Psv 2
\ ARv e,

_ ( 2 w/s\2 / 1  ~~ 2— 
t 2 1  tAR ~r e1 2PSV
‘ pV /

D = ( w/ S) 2~ 
-
~~ 2 (5)i \p ARiie / V

A summation of the Induced Drag and the Parasite Drag gives the total, low

Mach Drag for the aircraft as shown in Figure 2B—1.

‘7• 
DRAG 

\
~,T0TAL ,’ PARASITE

INDUCED

VELOCITY
FiG. 2B-1

Figure 2B—l Drag/Velocity Relationsh ip for One Value of W/S at one p

From equations (3) and (5) it may be seen that Total Drag is the sum of

some function of Velocity squared and some other function of the inverse of

the Velocity squared ,

DT 
= f

1
(V)4 + f2 (

1
)
2 

(6)
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To find the minimum value of Drag, equation (6) is differentiated with respect

to Velocity and set equal to zero

dD l~~= 2 f
1

(V) — 2 f
2 ~ 

= 0 (7)

-

. 
and V

4 
= f

2/ f 1 
(8)

or f
1
V2 = f

2/V2 (9)

Equation (9) shows that the minimum Total Drag occurs when the Induced Drag

~~2 1V2 ) is equal to the Parasite Drag (f1V
2) . The Velocity for minimum

Drag is of importance for several reasons, not the least of which is that

this is the Velocity for Best Glide.

55~

DRAG 
~~\~~~~~~~~~~~~~,‘PARASITE

INDUCED

Vmj n D
VELOC1TY

FIG. 28-2
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2B—2 THRUST REQUIRED

From the original equations of equilibrium for unaccelerated level flight,

• Thrust must equal Drag. Therefore, Figures 2B—l and 2B—2 can be converted to

Thrust versus Velocity curves with no change in scale. In a manner similar to

the division of Drag into two basic types, Thrust may also be listed as the

Thrust required to overcome Parasite Drag (Parasite Thrust) and the Thrust

required to overcome Induced Drag (Induced Thrust). It should be noted that

these labels of Thrust are artificialities, by itself, the term “Induced”

Thrust has no meaning. However, if one were to consider the total Thrust

J required for flight as being composed of two elements, each of which overcomes

a certain type of Drag, variation analysis is simplified. For example, if

Total Drag, and therefore Thrust, were computed for one aircraft in one flight

configuration, the Thrust Required due to a change in configuration such as the

opening of a Leading Edge Slat could be computed as an addition to the Induced

Thrust required to balance the Induced Drag change.

2B—3 POWER REQUIRED

Power had dimensions of ML2f
3 
, foot—pounds per second , where 550

foot—pounds per second are equal to one Horsepower . Since Force such as Thrust,

has the dimensions of MLT 2 
, the product of Thrust and Velocity, (LT~~) , is

power. Therefore, if Velocity is expressed in feet per second , and Thrust is

expressed in pounds weight , power is, in Horsepower units,

THP 
550 

(10)
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where

T = Thrust force along the relative wind axis (ibs)

V — true airspeed (fps)

/ ft—lb550 — conversion factor 550 = 1 horsepowersec

The thrust horsepower required to keep the airplane in level f~.ight would be

dependent on the Thrust (T) [or the Drag (D)] and the true airspeed . Since

we have already developed a drag equation for level flight (Equations 3 and 5),

we will substitute these equations into Equation 10 and the result is:

CD 3O p V  S
a T  

+ 275v e AR S 
~a 

V
T 

(11)

The assumptions (limitations) of the above equation are the same as for

the drag equation. That is

a. C
D 

= f (C
L
) thus C

D ~ 
f (M, R )

b. Parabolic polar C
D 

= CD 
+ C

L
/7re AR

c. Level flight with no “thrust” lift (L = W)

The sketching of the above equation is simplified if we

- a. Fix the airplane external configuration and restrict the equation

to “low” Mach. Thus 5, CD and 1/re AR will all be constant
0

b. Fix the gross weight (W)

c. Fix the 
~~~ 

or density altitude (h
o
)
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Under the above conditions the equation can be written as

THY THP Subscripts

K
THP K1 VT

3 + p — parasite (12)
T

I — induced

where

K — 

D0 ~a 
s

1 — — 1100

and

2 
— 2,3-T e AR S p

Sketching the above we have

THP 
\ / K IV T

VT

VT
FIG. 2 B 3

2B—4 Level Flight Power Equation — General Form

A general form of the power required equation (one that is riot based on an

analytic form of the drag polar) is developed below. In level flight the thrust

horsepower required Is

D V
THP —550 

(13)

I
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In level flight we can express drag as follows

C
(14)

L

Substituting the above expression for drag into Equation 13 gives

C W V
THP =~~~ 550 

(15)
L

In level f l ight (assuming ij  = 0)

~
Fz 

= L — W = 0

thus

L = W = C L
1 / 2 P V T

2 S (16)

Solving for VT 
and subst i tut ing into Equation 15 gives

THY = ,2~l/2 w
3 CD 1 17

‘S’ 1/2 ,., 3/2 1~5

If we substi tute the following into the above

p = p  0
a ssl

ssl

We get the final form of the “general” level flight power required equation

2 1/2 W~
’2 C 1

= 
s 
~~~l 

I~ CL~~~ 

~~~ (18)
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2B—5 Conditions for Minimum Thrust Horsepower Required

(a) Parabolic Polar

The conditions for minimum power required in level flight will f i r st be

determined for an airplane with a parabolic polar . Thus

THP = K
1 
V
T
3 + K2 VT

’ (19)

taking the derivative and setting it to zero gives

2 — “3K
1

V
T 

_ K
2 VT

= O  (20)

Multiplying by V
T 

and rearranging gives

3K1 
V
T
3 

= K2 VT
2 (2 1)

Thus at minimum power required

3 THP = THP
1 

(22)

Or , multiplying by 550/VT

3 D = D 1 
(23)

And , finally, dividing both sides by qs gives

3 C
D 

= C
D 

(24)
0 1

Equations 22, 23, and 24 are alternate ways of identifying the minimum power

condition. Equation 24 relates directly to the parabolic drag polar and

identifies a unique point on the drag polar that will produce the minimum

power required in level flight.
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CD 
~~~~~~~~~~~~N~~UM P0WER P0~~T

CD0
CL

FIG. 2B-4

Thus we see that there is a “bes t ” CL to f ly at to minimize the power re—

quired just like there was another “best” C
L 

for minimum drag . Additionally,

we see that the minimum power point occurs at higher CL (lower speed) tha n

the minimum drag point .
‘S

(b) General Polar

The more general conditions for minimum power required are discussed below.

By using the general form of the power required equation (Equation 18) we have

• for a given weight and density altitude

THP = K 
c
1
3
~
2 (25)

Therefore, to minimize power required , we must minimize the ratio of C
D to CL

CDTHP = K (26)mm 
C 

3/2
L mm
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or

THP . Occurs at —h (27)
m m  CD max

Hence we see that if we locate that point on the polar that gives the maximum

ratio of CL
3
~
2 over CD 

then the power required will be minimum. The above

is illustrated In the sketch below

CD

-~ 

• 

CL/2
CL for MIN. POWER REQUIRED

C L
FIG. 2 8 5

2B—6 Sketching the Level Flight Thrust Horsepower Equation [THP = f(V
~
)].

We will now look at the effects of the variables (CD , 
W) on the level

0
flight THP curve.
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a. Weight Effect

Looking at the power equation (Equation 11) we see that weight (W)

appears only in the induced power term. This effect is to change the K2

term in the equation.

THP = 1(1 4- K
2 
V
t
-1 (2 8)

where

2 
— 275 ‘reAR S p

We see that K 2 varies as the square of the weight .  For example , in-

creasing the weight by a factor of two would increase K~, by a factor of

four. The total power for an increased weight is obtained by adding the new

induced “~wer tern K, 
~

‘

~~~~

1 to the parasite power. It is also apparent that

the tota l power change is as shown below .
‘S

2 2

~THP = 

275 I~ AR ~ ~ 
V~ where original weight

a and W2 
= new weight

Figure 2B—6 illustrates the effects of a weight change on the TEP = f ( V
~

)

curve. The effects of a weight change is summarized below .
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THP 

O N a/

FIG. 28-6

Large power changes occur at low speed and re la tive  small changes

occu r at high speeds.

The minimum power speed increases as weIght increases. The locus of

minimum power point is

CD 3
THPmi =-r~~~~~~

S V (30)

- -  ~~~~~~~~~~~~~~~~



where C is the drag coefficient corresponding to the minimum
~~

power condition (C
D 

= 3 CD 
)

• i 0

The slope of the drag curve a t  any given V
t 

becomes less positi:e I S

weight increases.

The CL speed increases as weig ht increases. The locus of C
Lmax ma x

points on the THP = f(V
~

) curve is

rdPCL 
= 
[1100 ~a s]v~

3 (31)

where C
D 

is the drag coefficient corresponding to the C
LS max

C
b . D0 ~~~~~~~~~~~~~

The effect of a ~~r iiti -~n in C,~ on the pcwer equation is to change
0

t h e  K , t e r n  i~’. t~~e :~c~- :- r eq u a t i o n

ThP = K . V 3 + K 1 V~~~
1 ( 3~~

wher e
CD0 ~ssl S

K
1 - 1100

We see that the K1 
change will he proportional to the C

D 
change .

0

The change in t o ta l  powe r will be the same as the change in ~ i ra s i t e  powe r

(the induced power remains the same).

CI D0~~ S 
V
t
3 (33)

the effect of a change in C
D 

is illustrated in Figure 2~\—1~ .
0
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The effects of C~ are suimnarixed below
0

. The large power changes occur at the higher speeds and relatively

low power changes occur at the low speeds.

The minimum powe r speed decreases as C D increases .  The locus of
0

the mi nimum power po in t s  is

ThP . = 

~ 
~eAR s h’t

1

The slope of the THP = f ( V
~

) curve is more p o s i t i v e  at a l l  speeds .

c. Alt itude Effects

We will  look two methods to determine the effects of altitude on the

I’HP = curve .

METHOD I — We hu’•’e already concluded that the THP = 

~~~~ 
does not change

w i t h  a l t i t u d e  (see  f i g u r e  below) . We also kn ow that

V
V = — ~~

-

t

and
THP

flip =

1-24

I) — 
. 

,
, 

—

L - -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ -



T HP~
or

THP4

Ve or Vt4
FIG. 2 B 7

Thus any point (THP/a and V
e
) on the above power curve will correspond

THP
to a hi gher V~ (V~ = V //c ) and h igher  TN? ( TN? = 

1
e) a t higher dens ity

a l t i t ude .  A p lot of a power curve L THP = f ( V
~

)] s tandard  sea level o = 1

and then at a hi gher h (lowe r c) as shown below .

hp O

3 T HP

FIG. 2 B 8
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The altitude effects are summarized below

Any given point (TN? and Ve
) on the curve “shifts” to a higher

speed (V
t

) and power (THP )

The minimum power point moves to a higher V~ and TB? . (same

TB? and V )
e e

. If we assume no CL 
change [C L ~ f (Rfl and no thrust l i f t

max max
then the stall point sh i f t s  to a higher V~ and TB?

METHOD II — Another way to look at the e f f ec t s  of density changes on the

TB? = f ( V
~

) curve is to examine the THP = f ( V
~
) equation.

The equation can be written as

TN? = K
1 

V
~
3 + K

2 
V
t
-1 (35)

where C
D0 P S

‘S 1(
i = 1100

and

K2 — 275 fl eAR S 0 S
a

We see that density terms 
~~~ 

appears in both the parasite and induced

terms and that  an increase in density a l t i tude  will

a. decrease K1

and

b . increase K .,

- .  A plot of the TB? f(V
~
) equation as 0a 

varies is shown in Figure

2B—9.
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(LOW ALT.) (HIGHALT. )

HIGH~~
’
~/

THP

FIG. 28-9
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SUPPLEMENTARY PROBLEMS

Unit 2

1. The lift—independent drag coefficient (parasite drag coefficient) is

sometimes computed on the basis of an “equivalent flat plate area” (f)

because this portion of the drag is the same as the liftless drag of a

flat plate of area f. An aircraft of a given cross—sectional area may

have an equivalent flat plate area greater or smaller than the cross—

sectional area of the aircraft because of the drag characteristics of the

aircraft.

The non—dimensional parasite drag coefficient is equal to the equivalent

flat plate area divided by the wing area (C
D 

= f/S).

Wha t effect does doubling the equivalent flat° plate area have on the lift

coefficient at minimum thrust required for an aircraft with a parabolic drag

polar?

2. For an aircraft with a parabolic drag polar , the minimum thrust required

occurs when:

a. Parasite drag is a minimum.

b. Induced drag is a minimum.

c. Parasite drag equals induced drag.

d. The total drag is three times the induced drag.

3. On the “back side of the cu rve”
a. Th rus t required decreases with increasing velocity.

b. Drag is a minimum .

c. Thrust required increase with increasing velocity.

d. Drag decreases as velocity decreases.

4. The effect of increasing altitude on the drag of an aircraft is such that:

a. The True velocity for minimum drag is a constant.

b. Minimum drag and the True velocity for minimum drag both Increase.

c. Minimum drag is a constant and the True velocity for minimum drag increases.

d. Minimum drag is a constant and the True velocity for minimum drag

increases.

5. Th~ Irue velocity for minimum power required is:

a. The same as the True velocity for minimum drag.

b. Less than the True velocity for minimum thrust required.
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c. The same as the True velocity for minimum thrust required.

d. Greater than the True velocity for minimum thrust required.

6. At minimum thrust required, the induced drag coefficient Is:

a. One—half of the total drag coefficient.

b. Equal to three times the parasite drag coefficient.

c. Equal to one—third of the patasite drag coefficient.

d. Equal to twice the parasite drag coefficient.

7. For an aircraft with a parabolic drag polar , the minimum thrust required

occurs at the point where:

a. The square root of the cub e of the lift coefficient is equal to the

drag coefficient.

b. The ratio of the lift to the drag is the greatest.

c. The ratio of the lift to the drag is the smallest.

d. The ratio of the drag coefficient to the square root of the lift

coefficient is the smallest.

8. A peed brake increases the parasite drag by 35~’. This will have the greatest

effect at:

a. Minimum drag.

b. 
~MIN

- 

- 
c. V~~~

d. Minimum thrust required.
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SUPPLEMENTA RY PROBLEMS

SOLUTION SHE ET

UNIT 2

1. Minimum drag occurs when CD0 
C0~ . Doubling the equiv-

alent flat plate area is the same as doubling the parasite

drag coefficient , sinc e CD0 f/S.

If the parasite drag coefficient is doubled , the induced

drag coefficient at minimum drag is also doubled (since the

two drag components are equal at minimum drag). Now , since
induced drag is a function of the square of the lift coefficient ,

doubling the induced drag must be accomplished by increasing

the lift coefficient by a factor of the squar e root of two .
Check: 2CD. = f (C L1 )11

C01 
= f (C~~2

2 ) — f (CL1 
~~~)2 — 2 f(CL1)

2

and
C01 = 2 C 01

2. For a parabolic polar , T 0 K1V
2 + K2 \— Eq. (18), 2A

• Taking the derivative of the Thrust with respect to the velocity

and setting equal to zero to determine the minimum point ,

- .5 ~—1 2 K 1V - 2 K 2 /V~~~~~ O
d V

Mult iplying both sides by V and d i v i d i n g  by 2 gives :

K1V
2 

= K2 /V2

The left hand term is the parasite drag and the right

hand term is the induced drag , and it is shown t ha t  they

are equal at minimum drag. The answer is

q,~ Parasite drag equals Induced drag

3. The “backside of the curve ’ is that portion below the velocity

for minimum drag. It may be seen from Fig. 2A-9 that on the

“backside of the curve ”, thrust required decreases as velocity

increases . The answer is:
a. Thrust required decreases with increasing veloci ty.

4. Total  drag may be w r i t t e n  as :

= CIJ0½ ea’T 
+ 

-~—e ~~ 
‘S 

~~a 
V T

The oni’; variables in the above equation are 
~ a 

and VT.
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SU PPLEMEN TARY P R OBL E MS

SOLUTION SHEET

UNIT 2

( C o n t )

4. (Cont inued )

Af te r  c r o s s - m u l t ip l y i n g , it is seen tha t

( ~ 
2)2 = a cons tan ta T

The signifigance of this is that , at min imu m drag , as the

density decreases (altitude increases) the True air speed for

minimu m drag must increase.

tn addi t ion , if a~
T
T
25
)
2 is a con stan t , the term a

VT
2)

must also be a constant , and both the induced drag and

parasite drag (and therefore the total drag) remain constant

at altitude. (See Fia. 2A_ 1~~)

The an swer i s:

c. Minimum drag is a constant and the True veloc±t’~ for

minimum drac~ increases.

5. l i n imu n power r e q u i r e d  occur s  at t h a t  ooint  on a drag

polar where  CD1 = 3 C0 (eq. (.~4), 2 — B ) .  R e c a l l  t ha t  the  po in t
of minit ’~um t hru st  is at CDI - CD0, and t h a t  pa r a s i t e  draa

inc reases  w i t h  v e l o c i ty  (F in . 2 --\- 9 ) ,  so tha t  if min imu m pow er

‘S 
occurs  when the induced drag is ia raer , it mus t  occur at a

lower v e l o c i t y  than  t h a t  fo r  m i n i m u m  t h r u s t . The answer  i s :

b. Less t h a n  t h e  True  v e l o c i ty  for  m i n i m u m  t h r u s t  r enu ir e d .

e~~. At m i n i m u m t h r u s t  r e q u i r e d  ( m i n i m u m d r a c ) ,  the induced and
p a r a s i t e  p o rt i o n s are equa l  (Pr oblem 2 ) .  The answ er  i s :

a. O n e-h a l f  of the  t o t a l  ~~~~~
‘
. S i n c e ,  r o r  level  f l i gh t , 0 C0 q S an d L = CL q S ,

= 
~ D g S

and L C~~~q~~ C L

To m i n im i z e  d rr in at  a r~i~ -~~n •ceicht , one m u s t  max imi ,e  C L C0.
C he c k :  

-
~C.

and
C~ C 0
— = _a + < c
CL C

L
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SUPPLEMEN TARY PROB LEMS

SOLUTION SHEET
UNIT 2

(Con t)

7. (Cont inued)

To find the point of (CL ’CD),~~X, take the derivative with

respec t to CL and set equal to zero.

d(C ’C ) 
CDL D 
_ _ _  + K  = 0

d C  C 2 2
or L L

CD = K2CL
2 ( Paras i te  equals induced)

The answ er is :
b. The r a t i o  of the  l if t  to the dra is the greatest.

8. The gene ra l  e ff ec t  of a change of Darasite drag coefficient

(C D0 ) is shown in Fig . 2A-14 . Note  that  the  e f fec t  of an

increase in par as i te  drag is f e l t  most  at the  hi gher ve loc i t i e s.

The answer is :

C.  Vyax
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PERFORMA N CE I

UNIT 3

Climb P e r f o r m a n c e,  Descent Pe r fo rmance
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AE 2305

PERFORMANCE I

Un it  3 — Climb Pe r fo rman ce , Desce nt  Performance

OBJECTIVES

As a result  of your work in this Unit , you should be able to:

1. Draw a free—body diagram of an a i r c r a f t  in unaccelera ted climb ing

f l igh t  (Fig.  3A— 2) .

2. From the f ree—body diagram , derive the equat ion fo r ra te  of climb as a
function of ve loc i ty , th rust , d rag and w e i g h t .  (EQ . (4) , Section 3—A ) .

3. State the rel at ionship between ra te  of cl imb at the maximum velocity

fo r level f l i gh t  at  sea level and the ra te  of climb at  absolute ceiling .

4. Express the to ta l  energy of an a r i c r a f t  in terms of the a i r c r a f t ’ s
weight , mass , a l t i t u d e  and ve loc i ty .

5. For an a i r c r a f t  vith constan t wei ght  c l im b i n g  at a cons tan t  ve loc i ty ,
show tha t  the cban ~ e of t o t a l  ene rgy v i th  t ime ( d ( T E ) / d t )  is equal to
the exces s power available (P = TV — p V ) .ex

6. Express the veloci ty  for  maximum rate  of c l imb as a func t ion  of the

powe r required for  an a i r c r a f t  v ich  constant  power available.  (The
app roximate condit ion for  a rec iDrocat ing  en— ~ine a i r c r a f t ) .

7. Draw a free—bod y diagram of an a i r c r a f t  in power—of f  g l ide  and from

this diag ram derive the gl ide angle as a func t ion  of tbo lift and
drag.  (Fig.  3B—l) .

8. State the l i f t — t o — d r a g  ra t io  for  maximum distance g lide.

9. Explain the effects of an increase in weight on glide ratio , glide

distance and glide velocity.

10. Define Energ’- Height and explain vh maximizing rate of  energy height

change with time is desired fo r  an aircraft that is to climb to alti-

tude and then proceed at a high velocity .
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AE 2305

PERFO RMANCE I

Unit 3

PROCEDURE

1. Read Sections 3—A and 3—B .

2. Memo rize equations (4) and (6) in Section 3—a and equation (5) in
Sectio n 3—B .

3. Review the Statement of Object ives.

4 . Answe r the Study Ques t ions .

5. Review the resource mate r ia l  as necessary ,  based o n your difficulty

with the Study Quest ions.

When cu are ready,  ask for  the w r i t t e n  tes t  on th is  Unit . This tes t
will  be Closed Book. If equat ions , o ther  tha n those l i s t ed  to be mer.: ori~ ed ,
are requi red , t haw  wi ll be f u r n i sh e d .

1 3 5
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PERFORMANCE I

Unit  3

STUDY QUESTIONS

1. Two iden t ica l  a i r c r a f t  climb from a low a l t i t u d e  to an a l t i t u d e  well

below their absolute ceiling and then acce le ra te  to maximum veloci ty .
Ai r c r a f t  (A) climb s at maxim um ra te of climb and a i r c r a f t  (B) climb s
at maximum rate of energy climb . Which aircraft reaches the upper

altitude first , which has tha greater air speed in the climb , and wh ic h

reaches VM~~ first?

2. An aircraft with a maximum lift—to—drag ratio equal to 15 enters a

maximum range p o w e r — o f f  g lide at an a l t i t ude  of 30 , 000 f e e t .  Can this

aircraft reach an airfield 78 miles away?

3. What is the effect of increasing the angle of glide from the ang le for

( L / D ) ~~ : . on the g liding d i s t a n ce ?  What is the e f f e c t  of decreasing

the angle of  gl ide?

4.  For an a i r c r a f t  w i t h  c c’nstaa t thrus t available , wha t  is the  r e l a t i o r s h i~
between the velocity for maximum ra te  of climb and the v e l o c i t y  f o r

minimum thrust required ? (Use a plot of thrus t  ve r sus  v e l o c i ty  to show

wour a n sw e r ) .

5. What is the maximum ra te  of climb in feet per minute for a 22 ,000 lb

a i r c r a f t  w i t h  a drag of 15 ,000 lb s , an avai lable  t h r u s t  of 17 , 000 lb

and a ve loc i ty  of 250 knots?

6. The ~‘4\ T0PS shows tha t  your best gl ide ve locity  is 300 knots (Ca lib ra t ed

air speed) at a weigh t of 17 , 500 lbs .  What is your best  gl ide speed at

a weight  of 13 , 000 ib?

7 . Wh at  is the ratto of the max imum g lide d i s t ances  fo r  the two w e i g h t s  of

Ques t i on  6?

S. I f  tha  maximum g l ide  d i st ~’nce is ob ta ined  at an F qu iv a l en t  a i r  speed of

25 0 k t s  a t  an .a l t i t i d a  of 5000 f e e t , wha t is the E cu i va l e n t  a i r  speed

for  maximum gl ide d i s tance  at  an a l t i t u d e  of 25 ,000 f ee t ?
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PERFORMANCE I

Uni t  3

STUDY QUESTIONS - SOLUTIONS

1. Aircraft A reaches altitude first

Aircraft B climbs at a faster airspeed

A ircraft B reaches first.

Distance L - 30 , 000 f t2. = — = l Dis tance = - 
—j—--- x = S~ milesAltitude 0 j,il~- t t  mi

Yes , the a i r c r a f t  can g l ide the required distance.

3. Maximum r a t e  of cl imb occurs  where excess -cwer  is a maximum .

P = P  — P  ~~~(T x V ) — (T x V )
ex avail req avail  req

If t h r u s t  avai lable  is a c o n st a n t , maximum excess power a v a i l ab l e  0cc-irs

where Thrust required is a minimum .

(Note tha t this is the case cmlv if T is a constant )
avail

5. 4. Increasing angle of glide DECREASES gliding dia tance

Decreasing angle of glide DECREASES gliding distance

Op timum gliding distance is at the angle for

- (T — 0) lb ~~~ ft/mma .  RC f t / m m  =

(17 , 000 — 15 , 000) lb x 250 i~~~ 1.~~~~?4 ft / s e c  
~~= 23 ,000 lb ~ts sec

= 2302 ft/mm (check your units:)

6. From Eq. 4 , page 6 , Section 3—3

\ 7 W 1 13 ~~~therefore V 300 kts x ~~~~~~~~~~V
1 

W
1 

li ,o(~O lo

= 162 kts

7. Ratio is the  same fo r

S. S ama E q u i v a l e n t  airspeed — 250 kt ; ; .
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UNIT 3—A

CL IMB PERFOR MANCE

3A—l GENERAL. The subject  of climb performance can be a highly controversial

sub j ec t .  There is not much controversy over reduction of actual climb data to

standard conditions , but there is considerable controversy over the methods of

dete rmining climb schedules . Most of the controversy centers around the worth

of “sophis t ica ted” methods as opposed to the “shotgun ” methods . What is needed

is a theoretical yet practical method f r  de te rming  the schedule fo r  minimum

time to climb .

In discussing climb schedules , it is always necessary to preface any re—

marks with a statement as to what kind of a schedule is being discussed.

Depending upon the particular mission of the airplane and , in fac t , up on the

particular mission of the fli ght to be flown , the optimum condition for climb

will vary . An interceptor launching to take over a particular CAP Station ~~S

Drimarilv in te res ted  In climb ing to his CAP altitude with the minimum expen-

diture of fuel. An interceptor launching to intercept an incoming raid will

be primarily interested in arriving at the attack altitude with best fightin -’

speed and in the minimum time . An attack aircraft launching on a strike

mission will be primar ily in teres ted in climbing on a schedule of m aximum

range covered per pound of fuel burned. Sti l l  other types of missions maw

require or desire optimization of other factors during the climb .

3A—2. OPTIMIZED CLI~~ PERFOR MANCE

In a broad general look at the problem of climb performance , the problem

consists of moving the airplane from a point of approximately zero altitude

138
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and airspeed to an end condition representing some desired altitude (usually

high) and airspeed. The mission will , of course , dictate the end condition or

that point at which to transition from the climb phase to the level flight or

maneuvering phase.

An initial point and some arbitrary end condition for the climb could be

represented on a plot of altitude versus airspeed by points such as (A) and

(B) on Figure 3A—l.

Points (A) and (B) can theoretically be connected by an infinite number

of paths such as (1), (2), (3), (4) which would represent an inf ini te number

of climb schedules. One of these infinite number of paths will represent an

optimum path in regard to , say , minimum time to climb to point B. Another

5. AIRCRAFT

FIG. 34- I

path will be optimum with respect to minimum fuel used . Still other paths will

13?
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represents optimization with respect to whatever variable we choose. The

problem is to locate or identify these optimum paths.

The optimum path is naturally a function of the vehicle — its capabilities

and its limitations. Superimposing the vehicle’s flight envelope over the

various paths will rule out many paths as impossible, but there will still be

one possible path representing optimum conditions with respect to a desired

varIab le .

It Is possible to w rite equations describ ing any path between known end

conditions , and by the methods of Variational Calculus to operate upon these

equations to obtain equations for optimum paths. The equations are extremely

complicated and require iterative solution by digital computing machines. The

solution requires accurate inputs of engine, airframe and atmospheric data

which must be obtained by flight test, but solutions are possible provided the

data, patience and money are available to feed the computing machine.

3A—3. BASIC CONSIDERATIONS

During climb ing f ligh t , the airplane gains potential energy by virtue of

elevatIon. This increase in potential energy during a climb is provided by

one, or a comb ination of two means : (1) expenditure of propulsive energy above

that required to maintain level flight or (2) expenditure of airplane kinetic

energy, i.e., loss of calocity by a zoom. Zooming for altitude is a transient

process of trading kinetic energy for potential energy and is of considerable

importance for airplane configurations which can operate at very high levels

of kinetic energy . However, the major portions of climb performance for most

airplanes is a near steady process in which additional propulsive energy is

converted into potential energy . The fundamental parts of airplane climb
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performance involve a flight condition where the airplane is in equilibrium

but not at constant altitude.

The f or ces actin g on the airplane during a climb are shown by the

illustration of Figure 3A—2.

/
PATH ~~~~~~~ST

/ / LIFT

CLI
ANGLE

RATE O F V ~~~~ITY 
‘
~ WEIGHT~~~~~~~~~~

W sin

FIG. 34-2

When the airp lane is in steady f l ight with moderate angle of climb , the

vertical component of l i f t  is very nearly the same as the actual lift. Such

climbing flight would exist with the l i f t  very nearly equal to the weight .

The net thrust of the powerplant may be inclined relative to the flight path

but this e f f ec t  will be neglected for the sake of simpl i c i ty . Note that  the

weight  of the a i rc ra f t  is vertical but  a component of wei ght  will act a f t

along the flight path.

14).
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If it is assumed that the aircraft  is in a steady climb with  essentially

small inclination of the flight path, the summation of forces along the flight

path resolves to the following:

Forces forward = Forces a f t

T = D - + - W s i n y  (1)

where

T = thrust available, lbs

D = drag, lbs.

W = weight , lbs.

= fl ight  path inclination or angle of climb , degrees

This basic relat ionship neglects some of the fac tors  which may be of

impo rtance for  airplanes of very high climb performance. For examp le , a more

detailed consideration would account for the inclination of thrust from the

flight path , lift not equal to weight, subseq uen t change of induced drag ,  etc.

However , this basic relationship will define the principal factors affecting

climb performance. With this relationship established by the condition of

equilibrium , the following relationship exists to express the trIgonometric

sine of the climb angle,

siny
T
~~~~ (2)

This relationship simply states that , for a given weight airplane , the

angle of climb (y) depends on the difference between thrust and drag

(T — D) , or excess thrust. Of course , when the excess thrust is zero

(T — D = 0 or T = D) , the inclination of the flight path is zero and the

142



r -

airplane is in steady, level flight. When the thrust is greater than the

drag, the excess thrust will allow a climb angle depending on the value of ex-

cess thrust .  Also , when the thrust  is less than the drag,  the defi ciency of

thrust will only allow an angle of descent.

The maximum angle of climb will occur where there exists the greatest

difference between thrust available and thrust required , i.e., maximum

(T — D) . Figure 3A— 3 illustrates the climb angle performance wi th the curves

of thrust available and thrust required versus velocity . The thrust recuired ,

or drag, curve is assumed to be representative of some typical airplane conf i—

guration which could be powered by either a turbojet or propeller type power—

plant. The thrust available curves included are for a characteristic propeller

powerplant and jet power—plant operating at maximum output .

T0 PROP
THRUST
AVA~~:8LE 

_ . -\ - — -

~~~~~~

REQUIRED STALL 
SIN y 

T~~~

Vm~~~ Vrnax y
PROP JET V ~(NOTS

FIG. 3A-3
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The thrust curves for the representative propeller aircraft show the

typical propeller thrust which is high at low velocities and decreases with an

increase in velocity. For the propeller powered airplane, the maximum excess

thrust and angle of climb will occur at some speed just above the stall speed.

The thrust curves for- the representative jet aircraft show the typical

turbojet thrust which is very nearly constant with speed. If the thrust

available is essentially constant with speed, the maximum excess thrust and

angle of climb will occur where the thrust required is at a minimum, (L/D)M~x
.

Thus, for maximum steady—state angle of climb , the turbojet aircraft would be

operated at the speed for (L/D)M~~

Of great general interest in climb performance are the factors which

affect the rate of climb. The vertical velocity of an airplane depends on

the flight speed and the inclination of the flight path . In fact , the rate

of climb is the vertical component of the flight path velocity . 3y the diagra

of Figure 3A— 2 the following relationship is developed :

RC = V sin ’~- (3)

since

T— Dsin-( = 
W

then 
-

RC = ~ 
(T - D)

W (4)

and ,
TV

with Pa = 
33,000

DVand Pr = 
13,000

RC = 33,000 (Pa - 
Pr )
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whe re

RC = rate of climb , ft/mm

Pa = power available, h.p.

Pr = power required , h .p .

W = weight, lbs.

V = true airspeed , ft/mm

and

33,000 is the factor converting horsepower to ft—lbs/mm

The above relationship shows that , for a given weight airplane, the rate

of climb (RC) depends on the difference between the power available and the

power required (Pa — Pr) , or excess power. Of course, when the excess power

is zero (Pa — Pr = 0 or Pa = Pr)  , the rate of climb is zero and the air—

plane is in steady level flight. When the power available is greater than the

power r equi red , the excess power will allow a rate of cl imb spec i f i c  to the

magnitude of excess power. Also , wh~~i the power available is less than the

power required , the deficiency of power produces a rate of descent. This

relationship provides the basis for an important axiom of flicht technique :

“For the conditions of steady f l i gh t , the powe r se t t ing is the ~rimar-- cc’ntr~-

of rate of climb or descent”.

One of the most important items of climb performance is the maximum rate

of climb. By the previous equation for rate of climb , maximum rate of climb

would- occur where there exists the greatest difference between power available

and power required , i.e., maximum (Pa — Pr) . Figure 3A—4 illustrates the

climb rate performance with the curves of power available and power required

versus velocity . The power required curve is again a representative airplane
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which could be powered by either a turbojet or propeller type powerplant .

The power available curves included are for a characteristic propeller power—

plant and jet powerplant operating at maximum output .

POWER
AVAILABLE PQ JET /

(P a)
and 7

POWER
REQUIRED / 

~ PROP(
~ r~ /HP

/ RC fpm 33
~

OOO a

/

Vm axRC Vma~ RC v KNOTS
PROP JET

FiG. 3 A 4

The powe r curves for  the representative propeller a i r c r af t  show a

variation of propulsive power typical of a reciprocating engine—propeller

comb ination. The maximum rate of climb for this aircraft will occur at some

speed near the speed for (L/D)
M~~

The power curves for the representative jet aircraft show the near

linear variation of power available with velocity . The maximum rate of climb

for the typical jet airp lane will occur at some speed much higher than that

fo r maximum rate of climb of the equivalent propeller powered airplane. In

part , thi s is accounted for b y the continued increase in power available wi th

speed.
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The composite chart of climb performance depicts the variation with alti-

tude of the speeds for maximum rate of climb , maximum angle of climb , and

maximum and minimum level flight airspeeds. As al titude is increased , these

various speeds finally converge at the absolute ceiling of the airplane . At the

absolute ceiling, there is no excess of power or thrust and only one speed will

allow steady level flight.

Specific reference points are established by composite curves of climb

performance. First , the absolute ceiling of the airplane produces zero rate

of climb . The service ceiling is specified as the altitude which produces a

rate of climb of 100 fpm . The a l t i tude  which produces a ra te  of climb of

500 fpm is termed the combat cei l ing.  Usually , these spec i f ic  r e fe rence  po in t s

arE provided for the airplane at the combat configuration or a spec i f i c  design

confi guration.

ABSOLUTE — .  —

CEILING ‘ - —..

~~~~~~~~~~~ 
/ \

1~IME ~~~ 
-/

~~
. T ROPOPAUSE

ALTITUDE CLIMB / / ‘5. 
~~ I

FT ç 

~~~~~~/Vrnax 
~~~ / ~• 

I ~~~~ RATE OF CLIMBI ,
~~ / Vmax~~ /

I I 1 I I
I I / 

.5..
,-
’

L V KNOTS
FIG. 34-5
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The composite curves of climb performance for the typical turbojet

airplane are shown in Figure 3A—5. cme particular point to note is the more

rapid decay of climb performance with altitude above the tropopause. This is

due in great part to the more rapid decay of engine thrust in the stratosphere.

3A—4. ENERGY APPROACH. Since the clImb problem encompasses acceleration to

an airspeed suitable for the particular mission of the flight as well as

climbing to a particular altitude , consideration of the climb from an enercv

standpoint is advisable. The energy that we are concerned with is mechanical

energy. It consists of two types. Potential energy is the energy of position

and is representative of the altitude of the plane. Kinetic energy is the

energy of motion and is representative of the speed of the plane. We will call

the sum of potential and kinetic ener~
y total energy .

We will approach the climb problem by minimizing the time or the fuel

required to advance from one total energy level to another. This total energy

level will be determined by summing the potential energy and kinetic energy of

the airplane ’s position and speed.

Total Energy = Potential Energy ÷ ~inetic Energy

T E = ? ~~ + K E  (5)

or

1 W ~~~’ WTE Wh +~~~— V  — M(Nass) (6)

To minimize time between energy levels we wish to maximize the ra te  of

change of to ta l  energy . As a fi r s t  step , let us d i f f e r e n t i a t e  the t o t a l

energy equation with respect to time

d(TE) w dh ± w
~

.d v ÷ . dw + v 4 d
~ (7)

dt dt g dt dt 2 g d t
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If we analyze the order of magnitude of the terms in (7) for a representa-

tive airplane we will find that the two terms containing d’~J/dt will be small

in relation to the other terms . The dW/dt terms are particularly small in

non—afterburning airplanes and can almost always be neglected. In afterburning

airplanes the two d~’/dt terms may possibly be significant enough that they

cannot be neglected. In present day aircraft , however , under the most adverse

conditions (at slow speed and low altitude) the d W/dt terms generally do not

represent  more than 5—7 % of the total energy and can be neg lected withou intro-

ducing excessive errors. Thus we can reduce equation ( 7 )  to the fo l lowing:

(assuming -
~~

-
~~ 

= 0)

d(TE)  
— ~. cib 

+ 
WV (8)dt ~~dt g d t

Before proceeding with the energy equation let ’s stop for a moment ani

look at the forces acting along the flight path of a climbing airplane .

~~~~~~~~F4a

7 ~~~T~~~~
” 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SIfl y

FIG. 34-6
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Not ing  the forces along the f l i ght pa th  in Figure 3A—6 , we see tha t  the

thrust  force , (F) , is opposed by the drag ,  (D) , a component of the weight ,

(W siny) , and the force  required to accelera te the airp lane linearly , (
~f)

(Assuming that the angle of attack of the thrust axis is zero). Thus

F = D + W s i n y +~~~~! (9)

Solving equation (9) for dV/dt

(F — D — ~ sirr’) ( 10)

Also noting that

V siny = dh/dt (vertical velocity) (11)

Ve may substitute equations (10) and (11) into (8)

d(TE )  
= ~ V siny + -~~V~~ (F — — ~ s i ny )  ( 12)

and

d (TE) 
= — VD (13)

Equat ion (13) _ says that rate of change of total energy is equal to excess

power or is propor t iona l  to excess th rus t  horsepower .  This  means that the

d i f f e r e n c e  between the  power available and the power required for an a i rp lane

at a given speed and altitude , which is called excess power , is equal to  the

rate of change of t o t a l  energy at that speed and altiti~dc . Figure 3A—7

illustrates this graphically.

- 
- The excess power which is available over that required to maintain level

flight at a given altitude and speed is power which is available for climbino

or maneuverIng the airplane . It is this quantity which must be measured by
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f l ight  test  at various speeds and a l t i t udes  in order to determine recommended

climb schedules.

POWER ~~~~ 
— /

AVAILABL~~ 4 ~~ /
~~ P~ / POWER

-~~~ d(TE) 
~~~~~~~~~~~~

dt -/ ONE ALTITUDE
ONE CONFIGURATION

VT
FIG. 34 -7

To see how to measure excess power or ra te  of change of total energ~

look at equation (8). First of all note that there is a weight factor in each

term on the r igh t  side of the  equa t ion .  b’e have assumed t h a t  vei~ ht con he

considered constant , so d ivide  both sides of the equation by veight . In doing

so a new term is def ined — specific energy (E
h

) . Specif ic energy is total

energy per unit of weigh t  w i t h  un i t s  of lb f t

(TE)
Eh 

— 
W 

(1— .)

Dividin g equa t i on  (8) b y we igh t  gives an equation for rate of change of

spec i fI c  enero’: in un i t s  of f t / s e c .
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dE.~ 
- dh + V dV

dt dt g dt (15)

Equation (15) says that  rate of change of specific energy is the sum of

the ra te of cl imb , (dh/ d t) , and the term . Determination of dE
h
/dt

by f light test could be accomplished by holding dh/ dt  equal to zero , i .e.

level f l ight , and measuring velocity and acceleration or by mainta ining a

constant  true airspeed (dV/dt  = 0) and measuring rate of climb . These two

procedures are the basis for the level flight acceleration run technique and

the sawtooth climb technique respectively for collecting climb performance

data. There are other methods of measuring excess power or dE
h
/dt but the

two methods mentioned above are the primary ones in use.

3A—5. ESTABLISHNENT OF CLfl’3 SCHEDULES

The data collected from acceleration runs , sawtooth climbs or whatever

method is used can now be plotted on a composite plot of rate of change of

5. specific energy (dE
h/dt) or excess thrust horsepower versus true airspeed.

This plot will have curves of dE
hdt versus true airspeed corrected tc stan-

dard weight for each altitude at which data was collected . Th is plot will be

simfLar to Figure 3A—8.

-

~~
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SEA LEVEL

10,000 ft

• 20,000 ft

V t FT/SEC

FIG. 3A-8

The data from Figure 3A—8 can be cross—plotted on coordinates of altitude

and true airspeed for lines of constant rate of change of specific enero’- .

The construction lines A , B, and C shown on Figure 3A—8 , for exam~ ie , would

cross—plot as curves A , B, and C on Figure 7A—9.

i53
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Vt FT/SEC

FIG. 34-9

To be absol utely correc t , the altitude data should be corrected to stan-

dard altitude before cross—plotting. Cross—plotting as many curves of constant

dE,0/dt  on h and V~ coo rdinates as can be well def ined from the da ta  will

result in more clearly defined cli~b schedules.

The peaks of the curves of Figure 3A—8 with respect to the vertical axis

will cross—plot as the peaks of the curves of figures 3A— 9 as noted for points

(1) and (6). A climb schedule based upon these vertical peaks would represent

the speed at which maximum excess thrust horsepower occurs at each altitude.

This speed will also represent the stabilized speed at which the airplane

would experience the greatest rate of climb in passing through that altitude.
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Prior to the advent of total energy concepts , climb schedules were based upon

these vertical peaks.

The vertical peaks normally occur at increas ing true airspeeds at in-

creas in g alt i tudes . This requires acceleration of the airp lane along its

f l ight path .  To accelerate the airp lane requires excess thrust  or power.

Thus the excess thrust horsepower available from the engine under any given

set of conditions must be split between the requirements of climbing and of

accelerating. Both climbing and accelerating, however , will increase the total

tr~chanical energy of the airplane (E
h 

= h +

This is a favorable condition . In most climbing situations one is more

interested in climbing to altitude and accelerating to best combat speed than

in just reaching a given altitude. In other words , one is more interested in

increasing total energy than in just increasing altitude.

The schedule based upon the vertical peaks will not give the airplane

the maximum rate of increase of total energy . If, however , lines of constant

specific energy (h + , some t imes called “energy height” or “energy alti-

tude”) are plo tted on the coordinates of Figure 3A—9 , a new se t of coordina tes

which is a measure of total energy is established . Now , the peaks of the lines

of constant ra te  of change of specific energy with respect to levels of total

energy will give a schedule for maximum rate of increase of total energy . See

Figure 3A—l O .
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The energy climb schedule, as it is popu la r ly n amed , is not the answer

to every climb problem , but it is an impr ovemen t over pr evious sch edules and

does have a wide area of applicability . The energy climb schedule gives a

path defined by airspeed and altitude for transitioning from one energy level

to a higher energy level in the minimum period of time. The energy schedule

represented by moving from point (1) to point (2) on Figure 3A—l0 will get

an airplane from the 10,000 ft energy altitude level to the 40,000 foot ener civ

altitude level faster than any other schedule such as (3) to (4). The energy

156

-5 - -— -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



schedule will not , however , get an airplane from one point such as (3) to

another point such as (4) in the minimum period of time unless those points

lie on the energy schedule , such as points (1) and (2). To optimize the time

of transit from given initial conditions , such as take—off , to given end

conditions, such as intercept speed and altitude , requires the more sophisti-

cated mathematical approach of variational calculus.

For transition between widely separated energy levels, however , the

energy climb schedule normally approaches the optimum path and is recommended

for jet climbs to high altitudes.

Actual methods of determining recommended climb schedules vary greatly

throughout the aircraft industry . The most popular method appears to be the

“shotgun” method. This method involves flying a great number of random type

schedules and picking a best schedule based upon f l ight  test results.  This

method is easy since most jet flights will be carried to high altitude and

there is aiiple opportunity to try various schedules. The worth of the

“shotgun” method depends upon the procedures used to determine the various

schedules to be tested . If the trial schedules are determined by skill and

science rather than by ignorance and superstition , the shotgun approach

provides a certain refinement and probably will produce a recommended schedule

which is, in fact , optimum. For example , a trial schedule based upon accelera—

tion run or sawtooth climb data which was then refined by “shotgunning” would

most probably be a good schedule. Initial schedules based upon estimated ex—

cess thrust horsepower data would be less accurate and those based upon only

an “artistic sense” would be extremely poor .
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Figure 3A—ll shows four  actual climb schedules evaluated for the T—38A

aircraft. Two schedules show a constant airspeed to constant Mach numb er fl igh t

path, one a maxImum rate of climb flight path , and one a maximum energy climb .

From a side by side comparison of climb schedules such as presented in Figure

3A—ll , optimum flight proiiles nov be chosen for  a par t icular  mission .

Up to this point we have discussed the determination of climb schedules

which represent the min imum ti~ e to climb . •\s was mentioned early in the

chapter , for  many type missiomo , basic  va riables other than time are of pa ra—

mount interest. In section 3A— -., we discussed the ener~v approach to climb

performance , hut we restricted our discussion to tine rates of change of energy .

In an analagous manner , we could hav e discussed ra tes of change of to tal energy

per pound of fuel  consumed. This would have involved d i f f e r e n t i a t i o n  of speci f ic

energy wI th  respect to change of aircraf t gross wei ght (due to bu rn ing  f u e l ) .

d dh V d V
dW dW (h + 2g~ dW + g dW

Change in al t i tude per pound of fuel used dh/dW in sawtooth climbs or chan ge

in airspeed per pound of fuel dV/dt in acceleration runs would equal change

in specific energy wIth respect to fuel used. Then , curves of constant dE
h
/d
~

drawn on energy coordinates would yield a minimum fuel to energy altitude

schedule.

A climb schedule which will yield maximum speoific range during the climb

will be fa i r ly  similar to an energy climb schedule. ~e are interested in

achieving a maximum range for a minimum fuel expenditure during a climb to a

desired altitude and end speed. From that altitude and end speed , the

cruise climb portion of the flight would commence .

1 5 ~)
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Ideally , the range problem can be solved mathematically for an optimum

path from point of take—off to destination by the techniques of Variational

Calculus in a manner similar to the discussed in section 3A—2. The ideal

approach would involve only one phase or path — take—off to destination. The

procedures for maximum range flight commonly used , however , involve three

phases — climb , cruise and descent — and require individual optimization of

each phase. This chapter is concerned with optimization of the climb phase.

If the desired end point of the climb phase of the max range problem

(arid thus the initial poi n t of the cruise phase) is at an airspeed similar to

the climb speed for an energy “minimum fuel~
t climb , then the minimum fuel

climb will very closely approximate the no—wind maximum miles per pound

schedule. This is shown on Figure 3A—12.

Since the initial point of the cruise climb is defined by an altitude

and an airspeed for a particular gross weight , the schedule which gets you to

that energy level represented by those conditions with the minimum fuel

expenditure will be very close to the optimum schedule.

Wind will affect the climb phase in a manner analagous to its effect on

the cruise phase. For a headwind component an incr emen tal increase in speed

for the climb sched u le will sligh t ly improv e range charac ter ist ic prcvided

the peak of the dEh
/dW curve with respect to energy altitude is not too

sharp. For a tailwind component an incremental decrease in speed will increase

range over the no—wind scheduled speed .
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Unit  3—B

Descent Performance

3B—l. INTRODUCTION

In the study of climb performance , the forces acting on the airplane in

a steady climb (or glide) produce the following relationship:

T - D
s1n-~- = (1)

where

= angle of climb , degrees

T = thrust, lbs.

D = drag, lbs.

W lbs.

In the case of p ower—off  descent or g lide p e r f o rmance , the thrust , T

is zero arid the relationship reduces to:

Ds i n y = — ~~~ (2)

3v this relationship it is evident that the minimum angle of gl ide — or

minImum negative climb angle — is obtained at the aerodynamic conditions

which incur the minimum total drag. Since the airplane lift is essentially

equal to the weigh t , the minimum angle of glide will be obtained when the

airplane is operated at maximum lift—drag ratic , (L /D ) \,~\. . ~hen th e angle

of glide is relatively small , the ratio of g l ide d i s t ance  to gl ide a l t i t u d e  is

I

I numerically equal to the airplane lift—drag ratio.

glide distance, ft. L
glide ra tio . - = — (3)

glide altitude , t t .  D

Figure 3B—l illustrates the forces acting ~n the airp lane in a power—off

glide. The equilibrium of the steady glide is obtained when the summation of
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forces in the ver t ica l  and hor izonta l  d i rec t ions  is equal to zero.

~~~~~~~~~~~~~~~~~~~~~~ LIF :~~~~~~~

SIN
--5— W

WEIGHT LGLIDE RATIO : —

FIG. 3 B 1

During a nover off descent the deficiency of thrust and power d e f i n e  the

angle of descent  and r a t e  of d e s cen t .  Two :oarticular points are of interest

dur ing  a power—of f  d e s c e n t :  min im um ang le  of descen t  and minimum rate of

descen t .  The minimum angle of d e s c e n t  would p r o v i d e  maximum glide- d i s t an c e

through the a i r .  Since no t h r u s t  is avai lab le  f rcn  the  power alant, minimum

angle of descent  would be &~t a in e d  at (L / r ~)~,~~. . At  (L/ P ) \c~d. t h e  d e f i - -

ciencY of t h r u s t  is a minimum and , as shown by f i g u r e  3B- . the crea te s :

p ropor t ion  between ve loc i ty  and power required is obtained. The minimum

rate of ~escent in p o w e r — o f f  f l igh t  is obta ined  at the ancle of a t t ack  and

airspeed which produce minimum power required.
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FIG. 38-2

In order to obtain ma:-:imum glide ratio , the airnlane must be operated

at the  angle of a t t a c k  and l i f t  c o e f f i c i e n t  which prov ide  maximum l i f t — -dra g

ra t io .  The i l l u s t r a t i o n  of f igure  33—3 dep ic ts  a va r i a t i on  of l i f t — d r a g

r a t i o , L/D , wi th  l i f t  c o e f f i c i en t , CL , f o r  a ty p i c a l  a i rplane in the

clean and land ing  c o n f igu r a t i o n s . N c t e  t ha t  (L/ f l )~~~ . f o r  each configuraticn

will  occur at a s p e c i f i c  value of l i f t  c o e f f i c i e n t  and , hence , a s p e ci f i c

angle of a t t ack .
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L ~~~~~ LEA N CONFIGURATION
D 

CONflGURATION

FIG. 33-3

Thus , the  niaxim::m glide perfcrmance of a given airplane ccmficur :tiec

w ill be unaffected b gross weight and altitude wh en the airulone is o n e - r a t e d

at (LID).~~. :3f course , an ex c ep t i on  occurs  at ve ry  h i g h  a l t i t u d es  where

compressibility effects man alter the aerod ’-nami c characteristics. The

h ighes t  v a l u e  of (L /D)  wil l  occur w i t h  the  a ir n l a n e  in th e  clean  c-:mf i - u —

ration . As the airplane is changed to the landing  c~ n f ~ c u r i t i u n , t ue ad de d

parasite drag reduces (L/D)
~~~ 

and the C
L 

wh ich produces 
~~~~~~~~~~~~~~~~~~

be i n c r ea s e d .  Thus , t he b e s t  g l ide  ovee d  f o r  t h e  l a nd i nc  c o u f i  :u~ at  i - -n

genera l ly  wi l l  be less than  the  best  g l ide  speed f o r  t h e  c l i on  c o n f i - g u r a t c a n .

The power—of f  g l i d e  p e r f o r m a n c e  -ta ’: he a p p r e c i a t e d  also by t he  gr a p h  of

rate of descent versus velocity shown in f i gur e -  3 3 — i . hben a s t r a i g h t  l i ne

is drawn from the or igin tangent to the curve , a p o i n t  is l o c a t e d  w h i ch  : rc—

duces the na :-:imum p ropor t i on  of ve loc i ty  to r a t e  o~ d e s c e n t .  i T h v i c u s l n , t - l - i s

condit ion provides  maximum g l ide  r a t io . Since the r a t e  of descent  is Pr

• por t ional  to the  power r e g -~~ r e d , the poi n t s  of t an -oem c~ d e f i n e  the  aerod ~-nanic

c o n d i t i o n  o f
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in  -ord er  to o b t a in  the  m i n i m u m  glide an ~le t h r o u gh :  the air , the ji’- n la ne

must be operated at ( L / 3 ) \f~~ . The subsonic (L/ D) ~~~,. of a g iven airpl ane

conficuration will occur at a specific value of l i f t  c o e f f i c i e n t  and an gie

of a t t a c k .  heve - .e r , as can he no t ed  f r o m  the  curves  of  f i a ur e  33— 3 , small

devia t ions  f r o m  the -  o p t i m u m  CL wi l l  net  cause a - :r a st i c  r e u n c  t i -o n of ( L - ’D~

and glide r a t i o .  In fac t , a 5 p e r c e n t  d e v i a t i o n  in speed f r o m  th e  b e st  g l i d e

speed will not cause any significant reduction of glide ratio . This is fortu-

nate and allows the specifying of convenient glide speeds which will be

a p p r o p r i a t e  f o r  a range of gross we i gh t s  at which  p o w e r — o f f  gliding ma’- he

encountered , e . g . ,  small q u a n t i t i e s  of fue l  r e m a i n i n g .

An a t t e m p t  to s t r e t ch  a g l ide  by f l y i n g  at speeds above or b e l o w  t h e

bes t gl ide speed will pro ’5-e f u t i l e .  As shown by the illustration of figure

66
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3B—3 , any CL above or below the optimum will  produce a lift—drag ratio less

than the maximum. If the airplane angle of attack is increased above the

value for (L/D)~~~ , a transient reduction in rate of descent will tal-~e

place but this process must be reserved for the landing phase. Eventually,

the steady—state conditions would be achieved and the increased angle of

attack would incur a lower airspeed and a reduction in (L/D) and glide
)

ra t io .

The e f f e c t  of gross wei ght  on g lide performance  ma’: be d i f f i c u l t  to

apprecia te .  Since (L/D) \,~~ of a given a i rp lane  c o n i i g ur a t ic n  wil l  occur

at a spec i f ic  value of CL , the gross wei ght  of th o  a i rp lane is operated at

the op t imum CL . Thus~ two a i rp lanes  of identical  a e r o d y n am i c  c om f i g u r a t i c n

b u t  d i f f e r e n t  gross wei ght  would glide the same d i s tance  from the same a l t i t u de .

Of course , this  fac t  would be t rue only if both  a i rp l a n e s  are f lown at the

spec i f i c  CL to p r o d u c e  (L / D)
~.~~~ 

. The p r i n c i pal  d i f fe r e n c e  would  be t h a t

the heavier  a i rp lane must  f l y at a h igher  a i r speed  to suppor t  th e  or e ~~t € r

w e i g h t  a t  the op t ima : :  CL . In add i t i on , t h e  heav ie r  a i r p l a n e  fl ’ : in c  a t  t h e

g rea t e r  speed a long the  same f l igh t  p a t h  w o u l d  develop a g r eat e r  r a t e  of

de scent.

The relationshi p which P:-:ists between gross weight and velocity for a

particular CL is as follows :

~~~
-
~~

- =\/~~
-
~

• (c o n s tan t  CL
)

whe r e

V
1 

= best glide speed corresponding to some o r i g i n a l  gross weight ,

= best glide speed corresponding to  some new gross weight , W s ~
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As a result of this relationship, a 10 percent increase in gross weight would

require a 5 percent increase in glide speed to maintain (L/D)
~~x 

. Wh ile

small variations in gross weight may produce a measurable change in best glide

speed , the airplane can tolerate small deviations from the optimum CL with-

out  s ign i f ican t  change in (L/D) and glide ratio. For this reason, a standard

single val ue of glide speed may be speci f ied  for a small range of gross weigh ts

at which glide p e r f o r m a n c e  can be of importance. A gross weight which is con-

siderably differe nt from the normal range will  requi re  a mod i f i ca t i on  0f best

glide speed to maintain the maximum glide rat!o.

The e f f e c t  of a l t i t u d e  on g lide per formance  is insi g n i f i c a n t  if there

is no change in (L/ D)~~.~. . Generally, the glide performance of the majority

of a i rp lanes is subsonic and the re  is no no t i ceab le  va r i a t ion  of (L/ D)
~~~~

w i t h  a l t i t u d e .  :\~ v spec i f i c  a i rp l ane  conf i gu ra t ion  at a pa r t i cu la r  gross weight

will requi re  a s p e c i f i c  value of dynamic pressure to sustain fligh t at the

CL for  (L/D )~~~~ . Thus , the a i rp lane  will  have a bes t  g lide speed which is

a spec i f ic  value of equiva lent  a i rspeed independent of a l t i t u d e . For con-

venience and simplicity , this best glide speed is specified as a specific

value of indica ted airspeed and compressibility and position errors are

neglec ted. The principal effec t of altitude is that at high altitude the

true a irspeed and ra te of descen t along the op t imum glide path are increased

above the low altitude conditions. However , if (L / D )~~~ is maintajned , the

glide ang le and glide ratio are identical to the low altitude conditions .

The effect of confIguration has been noted previously in that the addition

of parasite drag by flaps, landing gear , speed brakes , external stores , etc.

will reduce the maximum lift—drag ratio and cause a reduction of glide ratio .
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In the case where glide distance is of great importance , the airplane must be

maintained in the clean configuration and flown at (L/D)M~~

The ef f ect of wind on gliding performance is similar to the effect of

wind on cruising range . That is, a hea dwin ’ will always reduce the glide

range and a tai lwind will always increase the glide range. The ma~cimum glide

range of the airplane in still air will be obtained by flight at (L/D)~~~

Howeve r , when a wind is present , the optimum gliding conditions may not be

accomplished by operation at (L/D)
~~~x 

. For example , when a headwind is

present, the optimum glide speed will be increased to obtain a maximum p ro-

portion of ground distance to altitude. In this sense, the increased glide

speed helps to minimize the detrimental effect of the headwind. In the case

of a tailwind , the optimum glide speed will be reduced to maximize th e  b e n e f i t

of the tailwind. For ordinary wind conditions , maintaining the olide speed

best for  zero wind conditions will s u f f i c e  and the loss or gain in glide dis-

tance must be accepted. However , when the wind conditions are extreme and

the wind velocity is large in comparison w ith the glide speed , e.g., wind

velocity greater than 25 percent of the glide speed , changes in the glide speed

must be made to obtain maximum possible ground distance.

- - 3B—3. CALCULATION OF DESCENT SCHEDULES

Descen t performance can be developed into a field in itself wh ich woul d

include such things as the determination of airspeeds which maximize time

aloft under dead stick conditions , optimum range/fuel consumption schedules

4 in descent , etc. One ve r y practical problem in descent is the determination

of a r ecor~-tem d ed ai r speed schedule for  maximum range slide in a je t  airplane

under -~ ~1a m e d — - i : t  sItua t io n.
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I t was mentioned previously that an airframe has one ang le of a t tack at

which C
L/CD is a maximum and that while gliding at this op t imum angle of

attack range in glide was maximized. (At a given angle of attack, C
L
/CD

EQUALS GLIDE RATIO). To say this , we igno re variations in trim drag associated

with large CC shifts and the effects of M and R
N 

on the shapes of the

C
L 

and CD curves.

Th is optimum ang le of a t tack is independen t of a irp lane gross we ight.

If an airplane is at this optimum angle of attack , the glide angle is minimized.

HORIZO N~~ _;~~~~~~~~~~~~~~~~~~~~ 

FOR A F3X~ D L/D RA~ O,
y IS A CONSTANT , NO

0 MATTER WHAT THE
WEIGHT.

- FIG. 3 B 5

.1 This brings up some interesting thoughts. If weigh t is increased , the
-I

vectors L and D must be longer . This means higher airplane speeds. In

other words , If yo u are heavy at f lame—out , you must  hold a fas ter  indicated

speed to hit the optimum angle of attack. Once at this angle of attack , your

gliding range is just as great from a given altitude as it would be at the

optimum angle o f a ttack if you were light. Your rate of descent will be
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greater in the heavy case , of course , but you r increased fo rward speed cancels

this out .  This means that in th eory if you had to make a field upwind from

you , your glide range will be greater with tip fuel still aboard than without

it since the wind will have less time to act. By jettisoning fuel, however,

yo u gain time to attempt a relight and , of cou rse , have obvious advantages

in effecting the landing what with lower stalling speeds, etc. (The idea of

keep ing fuel  aboard is brought up at only a ph ysics problem and no ch anges

to sound operating procedure are implied).

The problem becomes finding a schedule of indicated airspeed vs. altitude

(or an approximate fixed V~) which will give maximum range in glide. A

weight correction thumb rule may be practical (i.e., increased glide speed so

many kno ts for  eve ry 1000 pound over a standard weight).

One method of obtaining a descent schedule is to make several power ~ f f

descents holding a constant V and recording altitude vs. time in descent.

OAT is likewise recorded at various altitudes . The resulting plot will look

l ike  this

30,000 FT

~~~~~~~~~~~ 
VA RI

CONST~NT

TIME
FIG. 38-6

1T 1



This plot is then d i f fe ren t ia ted  to give values of dh/d t  at various alti-

tudes fo r each value of V • A table Is made up fo r each V
C c

V

.~lli 
V

V = 170 Altitude dt Glide ratio dt

30 ,000 xxxx ft/mm xxxx ft/mm xx
28 ,000 xxxx ft/mm xxxx ft/mm xx
26,000 x~m~x ft/mm xxxx ft/mm xx
etc. x cix ft/mm xx~~ ft/mm xx

(Since glide angles are normally less than l5g , sin-i’ is assumed to equal

tarry- ).

Once this data has been accumulated for all test V ’S , the fol l owing

plot can be constructed for each altitude :

30,000 FT

Vc
FIG . 38-7

The following p lot can then be constructed:

j77
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H~ /
_ _ _ _J _ _ _ ~~~,o2p~~~ _

V~ for max ghde ratio or max L/D
FIG. 38-8

Note: the exact shape of this cu~~ e will depend upon (1) compressibility

correct ions, (2) e f f e c t s  of R~. on CL and CD 
curves, (3) effects of

on C
L 

and C
D 

curves and (-i) the variation of test gross weights. Usually

the d i f f e r e n c e  in V is not great  enough to warran t  the  pub l i sh ing  a

“schedule” to the f lee t —— a picked V will s u f f i c e .
C

Weight must be controlled throughout the test in some airplanes. If you

know the gross wei ght at the poin ts  that  define the curve above , the corrected

Vc f o r  a standard gross weight may be calculated by the formula:

w wTest 
— 

Sta n dard
~2V ’-

e eTest Standa r d

(~:otice that the V ’s must be changed to V for the correction) . The

formula is based on the assumption of constant C
L 

for both conditions.

Reco c~nended schedules which apply for gross weights other than “standard”

can be computed by the same formula .
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What we have actually established in this test is the poin t marked

L/D max as shown in figure 3B—9 .

0 /
C/)
Ui

~~~~~~~~~~~~~rnax

GLIDE SPEED
FIG. 3B9

The (L/D)~~~ may be found graphically by drawing a line f r om the or igin

tc the point of tangency with the curve. (Note analogy with previously dis-

cussed power required cu rves ).  The point of minimum sink rate can he show n to

L
3/2

occur at

~AX

As an example of establishing a descent schedule for an aircraft , observ e

figures 3B—iO , 3B—li , and 33—12 wh~ -:h are actual descent data mlotted for the

T—38A aircraft. Observe the varying parameters (ti::e , dis tance , fuel used and

rate of descent) from varying calibrated airspeeds. From these curves the

actual optimum descent airspeeds are obtained.
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3B—4, Final Stages of Descent Performance

In prep ar ing fo r  a land ing we mus t st ick out so~ e hi gh drag items such as

wheels and flaps and in do ing so we jump from one curve to another: See

Figui •~ B—13.

Once in the final stages of our approach in the landing ccnfiguration

we mus t keep two things in mind : (1) we want  to remain somewhere near  the

point of L/D max ( landing  c o n f i g u r a t i on )  and (2 )  we want to maintain suff~ ciont

speed for  a good f l a r e .

POWE R OFF

LANDING CONFIG /

STALL L max ,/‘GLIDE CO~~~G.
D

ONE WEIGHT
.6_ max
D glide

7
GLIDE SPEED

FIG. 3B-13

Once we leave our stabilized glide condition and start our flare , we

leave the cur’~e on the l e ft  ( F igu r e  3B—l3) . By dece lc- :-ating we tra~ c our KE

for PE and try to est-Th i ish a flight pith t a n g e n t i a l  to the  r u n w ay .  ~nce  we

stoo -~e c e l er a t ’n o , h oweve r , we are straNee to th - - ra te of sink values listed
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on the curve. You can only afford to decelerate to a speed as low as that

necessary fo r  cont rol (see “sta ll” on 33—13 , so the control of speed and

altitude at start of flare ~cecomes a prob lem in p i lo t ’s jud .c e men t .  The recom-

mended landing confi guration approach speeds for most present day jets has

been in excess of the speed for L/D max (landing configuration) . (Point B)

(Notice that for the case shown by holding speed at B and cleaning up the

airplane the glide can be “stretched” to Poin t C.) Pememb~ r , once the gl ide

decelaratiar-. has stopped , the sink rate is fi:-:ed. To accelerate hack up to

star t another flare you go from bad to worse (fr-cm an ener-~’- concept , the

rate cf sink is h i g h e r  than the curve value).

N ote  should he taken of the fact that sink ra tes  are h i gh f or ai rplanes

of high win~ loading and that there is an abrunt increase in sink rate below

the s t a b il iz ec  sne~~d for minimum sink as ane le  of a t t a c h  ~~ increased  (in-

creased induced drag). C~ne cur ren t  f i r - h t e r  plane has almost t h ree  t im es  t a e

sink rate at 1 5  knots that it  has i t  LI-) k n o ts .  ( l a t h  s tab i l i z e d  sr e e c l s

in landing c o n f ig ur a t i o n . )  If the pilot finds h imseLI at Law altituda at a

speed b elow which he dares not :leceiLrate , he is :anmitted t o  landia- ~ l ike

streaalinec safe.

____ _______________________  —Ii—— —5---- 5-- --5-———-_ ——-5——- -5 5-5-— --5-5-- ~~~~~~~~~~~~~
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SUPPLEMENTARY PROBLE~!S

UNIT 3

1. A 10,000 lb aircraft at 10,000 feet has a coefficient of drag

CD 
= 0.02 + 0.04 C

L
a

This aircraft has a wing area (S) of 600 ft and a constant thrust of

6000 lb. That is the maximion rate of climb?

2 .  A reciprocating engine aircr aft has a constant :c -:er av a i l a b l e . At

what velocitu will this aircraft haye the maximum nate of climb if tac

aircraft has a narabolic polar?

3. If the aircra ft of Prahlen 1. loses its thrust , w h a t  is i ts  maximum

~lide r at i o ?

An aircraft it 20,000 f e e t  has a d r a n  c o e f f i c : c m t  in the  clean configu-

ration of

C~ = 0 . 0 2  O . 0 ~ C L

with the gear down , this a i r c r a f t  has a drag  c o e f f i c i e n t  of

c
0 

= o.o~ o .c~ c~~

That is the difference in maximum elidin g distance for the aLacraft in

the clean con fici ra t ion as c-amnared w i t h  the aircraft in th~ coat b--cm

confi guration !

5. A T—1A j e t  aircraft wei~ h ing 15 ,000 lb b urn s 2 ,500 lb of f - i e 1. nc r  your

at 300 knots at a ge o r -ot e n t la l  a l t i t u d e  of L~ , 000 f e e t .  Tf  the  a irspe ed

is kept constan t at 300 knots lrue air s~- -aed , what is the r a t e  of H i m ! -

of this air :raft due to  w e i gh t  chang/~



SUPPLEMENTAR Y PROBLEMS

SOLUTION SHEET

UNIT 3

1. Note , f i r s t  of al l , that from the drag coefficient

equation one has the values for CD0 
(0.02 ) and 1/ -ARe (0.04).

From T able 3, Appendix I at an altitude of 10,000 fee t  the

density is 0.0017553 lb sec2 ‘ft 4 .

From Eq. (17), 2-A ,

D 0.02 x x 0.00l~ 553 x 600 x V T
2

+ (0 .04  x 2 x 10,0002)1 0.0017553 x 000 x

or
6 _ o

0 1.053 X 10 \I T 
+ 7 5Q7 x 10

Rate of Climb is the excess poxer divided by the ‘;eicbt

P - P  -
— 

a r — f l x \

w
and the velocity for nax inium rate of climb occurs ;ehere the
change  of N a t e  of Cl imb x l th  v e l o c i t - .: is e cu a l  to 7ero. (Take

t h e  d e r i v a t i v e  of NC xit i re~~cect to U and ecuate to zern~~.

= T - d (1. 053 

: 

i O \
T T~ 597 100

0000 - (3  x 1.05 3 x l0~ V
~~ 

- T .5-~7 x id 
~ r = 0

m u l t i p ly i ng  by (
~~
U
T
2 ) an d c l e a r i n g  d yes

- __________________ ~. 2  
—

. ~97 x l~~
0

3 x 1.053 x 10-2 3 x 1.053 x

This  ecu~~tion can be solved as a binomial e c u at i o r  in
f r o m  -~hj~~h ‘T 

1.912 r< l0~ ~t
2 ‘s~~~2 and 

-

= 437 .25 ft -‘sec 25° k t~
Substi tut inc. the value for 

~~ 
in the Nate of Climb equation

1 10,000 (oooo x 437 . 2 5 )  - ( 1 .05 3 x lO-~~~4 3T .2 5~~

~ 7.597 x

1~~2.59 f t  ‘~~ r~c = 10.35 2 ft mm

2. If Dower  available is a constant , th e maximum excr~~s poxer

‘i l l  occu r  when t h e  D i a m e r  r e cu i re d  j c  a m i n i m u m , F h i~ is at

the ve l ocity f- ar .vhich C 0. 3 C0 .  Mote lb, r, pmh1a~~cr~ of

this pr blen to ~~~~ l en  1. If t h ~ po~-er awoi1ab~ e is not

a func tion of velocit’.- (is a constan t) the dr’rivat~~’ -’c of the

18!.

_ _ _ _ _ _ _ _  -
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SUPPLEMFNT \NY PI ONLEMS

SOLUTION SHE ET

UNIT 3

(Cant )

2.  ( C o n t i n u e d )

power avai lable  with respect to velocity is zero . In Problem 1

this derivative was equal to the trust . ‘-‘,ith Thrust a constant

(Pr oblem 1)

d RC 
= T - (3 D + D . )

d V  0 1

and for a c o n s t a n t  power  ava i l ab l e  ( t h i s  p r o b l e m )

d RC 
= - ( 3 D  D . )

d V  0 1

t h e r e f o re ,
n 0 1

(3 x 1.053 x 10 VH~ - ~~~. 59~ x l i )  
~ T ) = 0

and

= 193.9 ft sec (If the drag is the same’ a’-z

~R2< EC in Pr ob l em 1 ) .

3. Maximu m moc~~r-off glide occurs at the point of (L’D)\L~ g
and the oUde ra tio is (b’D)\L~\. 

Since this is the point

of mini mum draa , m aximu m ciuide distance occurs A-here parasi te

drac equals  induced drag . Since the parasite drag coefficient
is 0.02 , and the induced drag coefficient is 0.04 CL

2 , at

mini mum drag

0. 02 0. 04 C L
2

and CL = 0. ,0 ,
(L ‘D)

~ 1, !.

At t h i s  l i f t  c o e f f i c i e n t  th~ r a t i o  of CL/C.-~ (the ‘alide

r at io ,~~ ) is

— 
0,707 

=

— 0 . 0 2  + 0.02

(Note that CD t wi c e  CD0 and that C~~. (0.04 x 0.Th~~
2) equa1~

C D (0 0~LI
0 -

4. F rom Pr oblem 3 above , t he  c l ide  r a t i o  is 1~~.’8 . This near-ic

that the aircraft at -altitude will c1 i-~e a distance ’ 1 .68 times

it~ altitude , or
-dUde r anoc 1” . 08 x ( 7 0 , 000 f t  °080 f t  ‘m m i  ) 58. 0 m n i

: 1  -
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SUPP LEME N TAR Y PROBLEM S

SOLUTION SHEET

UNIT 3

(Cant )

4. (Continued )

With the landing gear down the parasite drag c o e f f i c i e n t
has increased to  0.04 . The l i f t  c o e f f i c i e n t  at minimu m drag

is now
C
L 

= (O .04/0.o4)½ = 1.0
MAX Gl ide

and (L’D)~ 1~~, is 1.0’(2 x 0.04) 12.5

The glide range with gear down is therefore:

Glide range = 12.5 x (20 ,000ft ”6080 ft ‘nmi ) = 41.1 nmi

The difference in glide range is

58.6 - 41.1 17.5 n m i .

5. For an a i r c r a f t  at c o n s t a n t  v e lo c i ty  w i t h  no chance in thrust

(d TFYd t 0). t h e  energy change ecuation (Eq. (7) , 3-1) is

d TE • d h  
+ h ~~

—
~~- —~~-— ~~~~~~~~~ = 0

d t d t  d T  2 a d t
Solving for the Nate of Climb

= = - ± ( h 
~~~~~~~~g

from the problem

= - 2,500 lb hr = - 0 . 70 lb ’sec
d t

V = 300 k ts  = 507 f t  ‘sec
the re fo re

RC = - (10 ,000 + 
z x 32 ~

) x (- .o70)
15 ,000

RC = 0. 0 5 f t  ‘sec 39 ft ‘mm
To observe t h e  long range effect of this constant velocity

c l i m b  due  t o  ~~~~~~~ chance , the problem mat’ be solved in ten

minute increments usin -.i a revised -A e ’ i q h t  and a l t i t u d e  for
each ceonent.

• ! . e3  
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SUPPLEMENTARY PR OBLEMS

SOLUT ION SHEET

UNIT 3

(Cont)

5. (Continued) -

Time Altitude ~eight PC
m m .  feet lbs ft/ruin

to 
10,000 15,000 39

t 0 
+ 10 10,390 14,583 41

t0 
+ 20 10.804 14,166 44

t + 30 11,242 13,749 47

t + 4Q 11 ,707 13,332 49

t 50 12 ,701 12 ,915 53

~ 12 , 745 12, 498 54

i’Jith no chanae in thrust , and a~~sumin~J that the fuel

flow rate remains constant with this small chance in altitude ,

the  a i r c r a f t  has  c l im b e d  7 . 45 feet in a ho-a r due to the loss

of f u e l  w e i n h t .

- - --5- 
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AE 2306

PERFOR MANCE II

Uni t  4 — Range , Cr uise Cl imb , and End uranc e

OBJECTIVES

As a result of your work in this Unit , you should be able to :

1. State the lift—to—drag relationshi ps for maximum range for a turbojet

and fo r  a r eciproca ting engine aircraft.

2. Define Thrust Specific Fuel C~nsumntion (TSFC).

3. Define Spec ific Range (SR) .

-~~. Determine the maximum range  fo r  an a i r c r a f t  a t  c o n s t a n t  a l t i t u d e , given

the drag polar , initial and final wtHghts and Brequer ’s ~ange Eg uation.

5. Dete rmine  the  v a r i a t i o n  in Sp e c i f i c  Range a t  c on s t a n t  a l t i t u d e  w i t h  a

va r i a t i on  of a i r c r a f t  w e i g h t .

6. Determine the variation in Specific Pan~ e at cruise climb with a

variation of aircraft weight.

7. Define Specific Endurance .

8. Demonstrate , by use of thrust required versus velocit~ and powe r

required versus velocit’-’ p lo ts , the effect of :It it-ide on — 
~ximum

endurance for turbojet an~ reci ps.

9. Explain why , for a jet aircraft , enduran ce in c r e a s e s  uP to ~ome ctd t~ —

cal a l t i t u d e , and then decreases .

10. Explain , with the use of thrust required •.‘~? t S i i S  velocity p lot , the

effect of headwind and tail wind on t irhojet a i r c r a f t  range .

l8~
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AE 2306

PERFORMANCE I i

Unit 4

PROCEDURE

1. Read Sections !.—A, 4—B and 4—C.

2 .  Review the S ta temen t of O b j e c t i ve s .

3. Answer tha Stud’; Q u e s t i cn s .

Review the resource mater ial as necessar’:, based on your Jif fi cul t ’ :  w i t h

the Stvdt fluestions.

Uhen you are ready , ask for the written test on this U n i t .  This test

will  be Closed Book. U ecesoar ’:  eq u a t i o n s  w i l l  he fu~~ tshed .

1~~7
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AE 2306

PERFORMANCE II

Unit  4

STUDY QUESTIOUS

1. A jet and a recip aircraft have the same maximum range when their gross

wei ghts  are 17 ,000 lbs Lncludlng -~,000 lbs of useahie fuel . Both air-

craft have the capability of carrying an additional 0,000 lb s of f uel
internally . i0~ich aircraft has the greater increase in maximum range

with the a d d i t ion a l  f u e l ?

2. A jet aircraft f ly i n g  at  ma :- :imum e n d ur a n c e  loses power and e n t e rs  a

maximum distance power—off glide. t,hat changes in Equivalent airsneed

should th e  p i l o t  m ah o ?

3. A recip aircraft flvtng at maximum endurance loses power and en te r s  a

maximum di s ta a ;e  r o w e r — o f f  glide. Y o t  changes ~n Equivalent air

sreed should t h e  :c~~~et  mago?

—. . I f  an a i r c r a f t  is r l i m o J n c  a t  a - :enstant Uac.~ numbcr in the Tre’~osrhere ,

its Ec-:ivalent air speed is (increasin g ), (constant) or

5. If an aircraft is climb in ~ a t  a :onst-Int N ach  number in t h e  Stra:-s~- : -~-re ,

its Equivalent air speed is (tncroasin:), (donstant) or (decreasing 1 .

6. T ha t  is th e  r e l at i cn s h~ p be tween  t h r u s t  r e qu i r e d  a t  alt itu de o n d  t he

thrust required a: se-i level f o r  a ~e t a i r c r a f t  a : m a x t —  -m e n d u ra n c e

i f f uel f l ow i-s a f - : n ~- t i e c  oni’; of  t h r u s t~ T h a t  is t o

of the v e lc c it i s s?

7 . T ha t  is meant by “ or :t i c ai ” r d : i t ud e  f o r  a jet air ’rift~

8 In a plot of thrust reg-~ired versus relocit’:, show the points ~f maximum

endurance and maximum coro~:ant alti~ nde range f~ r a )et aircraft.

~~. On a p lo t of power required versus ‘,‘~ loci:v , show the p oin t -~ of max imum

endur ance and m a x i m u m  con stant alti rud e range  f o r  a r e c i n  aircr a ft.

Dr-iw comparisons b e t w e e n  t h e  i n f e r m i t i o n  in 0uestions S and ‘
~~.

lf. T h i t is the relati o n s h c p  be:~- -” - n p u ri st t drag and induce drag ‘~t tOe

vel ’citu f o r  n ix  ~r ium r i ng  fo r  a j - t  7
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PERFORUANCE II

Unit ~i

STUDY QUESTIONS — SOLUTI ONS

1. R . = f ( v d  — v ’~~~ ) R = f( ]n -
~~~~ 0o 1 p

fo r  U = 17 , 000 lbs and U . = 13 , 000 lbs (-i , 000 l b  f u e l )

( .
~~~~~~~~~ f lCO - v 13 , 000) = 16 .36 ; in = 0.2682

If bo t h  a i r c r a f t  have th e  same r a n g e , the relationship det’:een the two
weigh t  f un c t i r n s  mus t be 60 .9 3- i

0.2682 x 60.984 = 16.36

for U = 23 ,000 and 13 ,000 (adding ~,O0O lb fuel)

(~~l7 ,flOO - V~~~I’lO = 37 .~339 ; ln = 0 .571

0 .571 x 00 .934 = 3-~.79

Jet has most i ncr eaoe  in ranqe

2 . U~~x Ennurance for a dot is at T = D
mm

Max P o w e r — o f f  Glide is at 2 .

T The re fore , glide at  the same v e l o c i ty

3. Max E n du r a n c e  f o r  Prop  is at  P
mm

~-bix Power—off Glide Dist -n cc- is still i t  0 .

U f u r < U
nm mm Dra g

T h e re f o r e , Speed ~~
1 2 1 2

~~ =~~~~Y P 0 
~~ ssi~~ e

If U is a constant and  p d e c r e a s i n g  ( c l i m b i n g ) .
q is decreasing . If q is de~ reasing , 1’ is also d e c r o a s i n c .

5. Same aron-;er as Question 4.

f: .

>~~ nc - \ lt .
— - 3 = samerec

= same
C

= incrc’— i - -
~ wi~ u alt

-

~~
18)

-- 
- ;-~i~

_
~ ~~~~~~�r~~~- - .



-5 - - - - ---

STUDY QUESTICNS - SOLUTIONS ( C o n t i n u e d)

7. Altitude where Specific Range beg ins dec reas ing  c i t h

increasing altitude.

8 .

P~ r an

d.

1 0 . A t maa< Range ( J e t ).  3C D0 CD .

1 ~ O

_ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _  
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Unit  4— A

Range P e r f o rm a n c e

4A—l. INTR ODUCTI ON

The ability of an airplane to convert  f ue l  energy into flying distance is

one of the most important items of airplane performance . The problem of

efficient range operation of an airplane appears of two general forms in

flying operations: (1) to extract the m aximum f l y ing distance f r om  a given

f u e l  load or (2)  to f l y a s p e c i f i e d  d i s t a n c e  with minimum expendi tu re  cf f u e l .

An obvious common den c m i a : t o r  f o r  each of  these oPerating problems is the

“s p e c i f i c  range ,” n a u t i c a l  mi les of flying distance p-er lb . of fuel. Cruise

flight for max imum range condi t ions  shou ld  be conducted so t h a t  the a i rp l a n e

obta ins  ma:- :inum s p e c i f i c  range th roughou t  the  f l i g h t .

The principal items of range performance car be visualized by use of the

i l l u s t r a t i o n s  of f i g u r e  - iA— i .  F r c m  the  characteristics of the a e r o d m m a m i c

configuration and the powerular .t , the conditions of stead’.- level flioht will

define various rates of fuel flow thra-uc hout the rar -e of f l i g h t  speed. The

grapa of figure -i~ —1 illustrates a typical variation of fuel flow versus

ve loc i ty .

~~~~~~~~~~~~~~~~~~~~~~~~~~~
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ONE WEIGHT
~-- ONE ALTITUDE
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4A—2. TURBOJET RANGE

In the consideration of the theoretical aspects of optimizing range of

an airplane, there are airframe desires , engine desires and pilot desires.

In—as—much as range is measured “over the ground” and not through the air mass,

there is also a wind effect on range.

The airframe prefers to operate at the point of minimum drag (or maximum

LID) for best range. This is the most “efficient” angle of attack for the

airframe from a range standpoint. For subsonic flight, the value of minimum

drag does not appreciably vary with altitude but the true airspeed at which it

occurs does increase with an increase in altitude (or decrease in density).

This would indicate a preference on the part of the airframe for higher alti-

tudes since a higher true airspeed can be attained for the same expenditure

of thrust.

The turbo—jet engine operates best at high thermal efficiencies , with

thermal efficiency being a function of the power output divided by the heat

energy input

= 
Power Output —

T (Fuel Flow Rate) (Heating Value/lb fuel)

or

k x T  x V

W
f 
x H.V. 

(1)

Thrust Specific Fuel Consumption (TSFC) is defined as Fuel Flow Rate

(Lbs per hour) divided by the Thrust Required (ibs), or TSFC Wf/Tr , and

Specific Ran ge is defined as Velocity divided by Fuel Flow Rate

192
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VT 
Miles (per hour)

SR — 
W
f 
lb Fuel (per hour) (2)

so that equation (1) may be rewritten as

k x V  T
= 

TSFC ~ ~.v. 
or = k x SR x (3)

From equation (3) it is seen that for maximum thermal efficiency, true

airspeed should be maximized and Thrust Specific Fuel Consumption should be

minimized. The inherent relationship between thermal efficiency and range may

be seen in equation (3).

The TSFC does not vary appreciably over cruise speed ranges at a particu-

lar altitude, and minimum fuel flow occurs fairly close to maximum LID

(minimum thrust required). TSFC decreases with an increase in altitude.

Range considerations include both the distance covered and the low fuel

flow, arid so specific range has been defined as the miles of range that can

be covered per pound of fuel consumed (Equation (2)). If minimum fuel flow

occurs at minimum thrust required (C L/C D) max . This is usually the case. It

should be recalled from previous sections of the course that the true airspeed

at which (C /C ) occurs on drag curves increases with an increase inL D max

altitude. This gives an indication that high altitudes (up to some critical

altitude) may be better for increased specific range.

The exact factors affecting range may be determined from the relationship

between range, velocity and time, where the range is the integral of the

velocity with time.

R = f V dt (4)
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since

W
f T = TSFCxT (5)

Equation (4) may be re—written with new limits on the integral as

t
wo V

R J TSFC x T dW (6 )
• r
• 1

Since Thrust Required equal Drag for level flight

2 C
T = -~-pV S C  (7)r D C

L

also

VT =V~~
i
~ 

(8)

substituting (7) and (8) into (6)

w11 ~.2 
CL

(TSFC) \ P S  CD w~
0

Integration of Equation (9) gives (with conversion of units)

R - 
1.675 L 

~~~~ ~‘i•) (10)

~~~ 
(TSFC ) v’pS CD 0 1

Equation (10) is known as Breguet’s Range Equation for jet aircraft.

From Equation (1) it may be observed that the maximum range for a given

fuel load is a function of maximum (C
L /CD) , maximum altitude (lip) and

minimum TSFC (which also occurs at altitude).

It may be proven mathematically that the point of (CL
/C
D
) lies on the

drag (or thrust required) versus velocity curve at the point of tangency of
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• a line from the origin , as shown in figure 4A—2. This point is always at a

greater velocity than the minimum drag point (C
L/CD)

JET AIRCRAFT

ENDURANCEmQX RANGE mOX

THRUST

FIG. 4A -2
At this time it may be necessary to recall that the foregoing theoretical

considerations are jus t  that — theoretical. They are essential in the estirna—

tion of performance f igures , but  if an airplane is available there is n o

substitute for  measuring actual range characteristics . The only type of plot

which will give actual altitudes for  best specific range and actual speeds

for best range at an altitude is a plot based on f l i gh t  test data which has

generalized and properly reduced .

• A plot of fue l flow versus true airspeed for a particular standard

alt i tude will show actual specific range characteristics . On this plot the

cotangen t of the angle formed by a ray from the origin which intersects the

• curve will equal the specific range at the points of intersection . The

point at which this ray is just  tangent will be the point of maximum specific

range . See figure 4A—3 . Specific range will be discussed in more detail in

195
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• The effect of the variation of airplane gross weight is illustrated by

figure 4A—4. The flight condition of (C
L/CD) is achieved at one value

of lift coefficient for a given airplane in subsonic flight. Hence, a varia—

tiori of gross weight will alter the values of airspeed , thrust required and

specific range obtained at (C /C )
L D max
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V KTS
FIG. 4A- 4

If a given configuration is operated at constan t altitude and lift

coefficien t the following relationships will apply :

v2 
~r

1

/

Tr
~~~~~

W2
Tr
1

W
1

SR
• 

~~~ =\/~ 2~ (constant altitude)

where

condition (1) applies to some known condition of~velocity , thrust re—

quired , and specific range for (V’
~~

/CD)max at some basic weight, W
1

condition (2) applies to some new values of velocity, thrust required ,

and specific range for (v’
~~

/C D)max at some different weight, W
2
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and

V = velocity, knots

W = gross weight, lbs.

Tr = thrust required, lbs.

SR = specific range , nmi / lb .

Thus , a 10 percent increase in gross weight would create:

a 5 percent increase in velocity

a 10 percent increase in thrust required

a 5 percent decrease in specific range

when fli ght is maintained at the optimum conditions of (V
~~~’CD)

Since most jet airplanes have a fuel weight which is a large part of the

gross weight, cruise control procedures will be necessary to account for the

• changes in optimum airspeeds and power settings as fuel is consumed.

SEA LEVEL

~ 
KTS

FIG . 4A 5
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The effect of altitude on the range of the turbojet airplane is of great

importance because no other single item can cause such large variations of

specific range. See figure 4A—5. If a given configuration of airplane is

operated at constant gross weight and the lift coefficient for (CL/CD)

a change in altitude will produce the following relationships:

V
l~~~~/~~~

Tr = constant (neglecting compressibility effects)

SR
= (neglecting factors affecting engine performance)

1 t~2

where

condition (1) applies some known condition of velocity , thrust required ,

and specific range for (C
L
/CD)max at some original, basic altitude .

condition (2) applies to some new values of velocity , thrust required ,

and specific range for  (CL /C D) max at some d i f f e ren t  alti tude .

and

V = velocity , knots ( TAS , of course)

Tr = thrust , required , lbs.

SR = specific range , nmi/lb .

= alti tude density ratio (sigma)

Thus , ~f f light is conducted at 40,000 f t .  (o = 0.246) , the airplane will

have :

a 102 percent higher velocity

the same thrust required

a 102 percent hi gher specific range
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(even when the beneficial effects of altitude on engine performance are

neglected)

than when operating at sea level. Of course, the greater velocity is a higher

TAS and the same thr ust requi re d mus t be obtained with a greater engine RIM.

At this point it is necessary to consider the e f f e c t  of the operating

coridition on powerplant performance. An increase in altitude will improve

powerplant performance in two respects. arst , an in crease in al t i tude when

below the tropopause will provide lower inlet air temperatures which reduce

the spe cif ic fuel consumption . Of course , above the tropopause the specific

fuel consumption tends to increase. At low altitude , the engine RN necessary

to p roduce the required thrust is low and , generally , well below the normal

rated value. Thus, a second benefit of altitude on engine performance is

due to the increased RN required to furnish cruise thrust. An increase in

engine speed to the normal rated value will reduce the specific fuel con—

sumption.

The increase in specific range with altitude of the turbojet airplane

can be attributed to these three factors:

(1), An increase in altitude will increase the proportion of (V/Tr)

and provide a greater TAS for the same Tr.

(2) An increase in altitude in the troposphere will produce lower inlet

air temperature which reduces the specific fuel consumption.

(3) An increase in altitude requires increased engine RN to provide

cruise thrust and the specific fuel consumption reduces as normal rated RN

is approached.
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The combined effect of these three factors defines altitude as the one most

important item affecting the specific range of the turbojet airplane . As an

example of this combined effect, the typical turbojet airplane obtains a

specific r~ .nge at 40,000 ft. which is approximately 150 percent greater than

that obtained at sea level. The increased TAS accounts for approximately

two—thirds of this benefit while increased engine performance accounts for the

other one—third of the benefit. For example, at sea level the maximum specific

range of a turbojet airplane may be 0.1 nmi/lb . but at 40,000 ft. the ma d.mum

range would be approximately 0.25 nmi/lb .

MAXIMUM GROUND MILES
PER LB . OF FUEL

L 

LBS/HR’ HEADWIND/

TAILWIND

I V KTS
TAILW1ND HEADWIND ’

FIG. 4A-6

201 

- - _ . • . - . . _ _ -- , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
...



• 

The e f fec t  of wind on range is of considerab le importance in f lyin g

operations . Of course , a headwind will always reduce range and a tailwind

wi ll always increase range . The selection of a cruise alt i tude with the most

favorable (or least unfavorable) winds is a relatively simple matter for the

case of the propeller powered airplane. Since , as will be shown later , the

range of the propeller powered airplane is relatively unaffected by altitude ,

the altitude with the most favorable winds is selected for range . However ,

the range of the turbojet airplane is greatly affected by altitude so the

selection of an optimum altitude will involve considering the wind profile

with the variation of range with altitude . Since the turbojet range in-

creases greatly with altitude, the turbojet can tolerate less favorable (or

more unfavorable) winds with increased altitude .

In some cases, large values of wind may cause a significant change in

cru ise velocity to maintain maximum ground nautical miles per lb. of fuel.

As an example of an extreme condition , consider an airplane flying into a

headwind which equals the cruise velocity.  In this case , any increase in

velocity woul d imp rove range .

To appreciate the changes in optimum speeds with various winds , refer

to the illustration of figure 4A—6. Whe n zero wind conditions exist , a

straight line from the origin tangent to the curve of fuel flow versus

velocity will locate maximum range conditions. When a headwind condition

exists, the speed for maximum ground range is located by a line tangent

drawn from a velocity offset equal to the headwind velocity . This will

locate maximum range at some higher velocity and fuel flow . Of course , the

range will be less than when at zero wind conditions but the higher velocity

202
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and fuel flow will :iinimize the range loss due to the headwind. In a similar

sense, a tailwind will reduce the cruise velocity to maximize the ber.e:it of

the tailwind.

4A—3. PROPELLER AIRCRAFT RANGE.

The propeller driven airplane comb ines the propeller with the recipro-

cating engine or the gas turbine for propulsive power. In the case of either

the reciprocating engine or the gas turbine combination , powerp lant fuel flow

is dete rmined mainly by the shaf t  power put  into the propeller rather than

thrust. Thus, the powerplant fuel flow could be related directly to power

required to maintain the airplane in steady, level flight. This fact allows

stud y of the range of the propeller powered airplane by analysis of the curves

of power required versus velocity.

In a manner similar to that for Breguec ’s Range Equation for a jet air-

craf t , it may be shown that the Range in nautical miles for a propellor

a i r c r a f t  is

fl C W
R . = 326 ~~ ...L. log ~~ (11)rimi C C e~~

where

n the propellor efficiency

c = specific fuel consumption , lb/BHP—hr
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PROPELLER AIRC RAFT
MAX RANGE
(LID)max ONE WEIGHT

~~~~~~~~~~~~

V KTS
FIG. 4A-7

Figure 4A—7 i l lus t ra tes  a typical curve of power required versus veloci ty

which , f o r  the propeller powered airplane , would be analogous to the var iat ion

of fue l  f low versus velocity . Maximum endurance  condi t ion  would be obtained

at the point of minimum power required since this  would require the lowest

fue l  f low to keep the a i rp lane in sL e ad ’~’ , level f l i g h t .  Maximum range cor’.di—

tion would occur where the proportion between velocity and powe r required is

greatest and this point is located by a ~traight line from the ori gin tangent

to the curve.

The maximum range condition is obtained at maximum l i f t— d r a g  ra t io  and

it is importan t to note that  (LID) f~ r a given airplane confi gura tion

occurs a~ a particular angle of attack and lift coefficient and is unaffected

by weight  or a l t i tude  (wi th in  compress ibi l i ty  l i m i t s ) .  Since approximate ly

50 percen t  of the to ta l  drag  at (L iD)  is induced drag, the propeller

2 0 4
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powered airplane which is designed spe ci f ica l ly fo r long range will have a

strong prefe rence for  th e hi gh aspect rat io planform.

.4- HI WT.
MID WT.

(L/D) m~~ //
( LO WT.

POWE R /
REQ’D 

,- 
/ 

/ ONE ALTITUDE

V KTS
FIG. 4A -8

The e f f e c t  of the var ia t ion  of airplane gross weight  is i l lus t ra ted  b y

f i g u r e  4A—8 . The f l i ght  condi t ion of (L/D ) ax is achieved at one pa r t i cu l a r

val ue of l i f t  coe f f i c i en t  for  a given airplane conf igura t ion . Hence , a

variation of gross weigh t will a l ter  the values of airspeed , power required ,

and specific range obtained at (LID) . ITf a given conf i gurat ion of

ai rplane is operated at constan t al t i tude and the l i f t  coef f ic ien t  for

(L ID)  , the following relationships will apply:

V ‘W2 _ I 2
V
1 

\ j w1

P r / W \
312

Pr
1 ~\

W
i)

~O5
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SR
2 _ 

W
1

SR
1

W
2

where

condition (1) applies to some known condition of velocity, power required ,

and specific range for (LID) at some basic weight , W
1

condition (2) applies to some new values of velocity , power required , and

specific range f or (LID) at some different weight,

and ,

V = velocity, knots

W gross weight, lbs.

Pr = power required , h.p .

SR = specific range, nmi/lb .

Thus a 10 percent increase in gross weight would create :

a 5 percent increase in velocity

a 15 pe r cent in crease in power requi red

a 9 percent decrease in specif ic  range

when flight is maintained at the optimum conditions of (LID) . The
• max

variations of velocity and power required must be monitored by the pilot as

part of the cruise control to maintain (LID) . When the airplane fuelmax

weight is a small part of the gross weight and the range is small, the

cruise control procedure can be simplified to essentially a constant speed

and power setting throughout cruise. However , the long range airplane has

a fuel weight which is a considerable part of the gross weight and cruise

3 control procedure must employ scheduled airspeed and power changes to main-

tain optimum range conditions.
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AT ALTITUDE
SEA LEVEL /

Pow~~ 
(L/D)max / ,

‘

/

~~~~~

REQ’D /
HP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ W EIGHT

V KTS
FIG. 4A-9

The effect of altitude on the range of the propeller powered airplane

may be appreciated by inspection of figure 4A—9 . If a given configuration

of airplane is operated at constant gross weight and the lift coefficient

for (LID) , a change in a l t i tude  will produce the following relation—

ships:

v
2 ~~l

v
1 \10 2

r
2 V

r

~~

where

condition (1) applies to some known condition of velocity and power

required for (LID) at some original, basic altitude

condition (2) applies to some new values of velocity and power required

for (LID) at some different altitude
0 maX
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and

V = velocity , knots (TAS , of course)

Pr = power requi red , h . p .

= altitude density ratio (sigma)

Thus , if flight is conducted at 22,000 ft. (o = 0.498) , the airplane will

• have :

a 42 percent hi gher velocity

a 42 percent higher power required

than when operating at sea level. Of course , the greater velocity is a

higher TAS since the airplane at a given weight and lift coefficient will

require the same EAS independent of altitude . Also , the drag of the airplane

at altitude is the same as the drag at sea level but the higher TAS causes a

proportionately greater power required. Note that the same straight line from

the origin tangen t to the sea level power curve also is tangent to the alti-

tude power curve .

The effect of altitude on specific range can be appreciated from the

previous relationships. If a change in altitude causes identical changes in

velocity and power required , the proportion of velocity to power required

would be unchanged. This fact  implies that the specific range of the propeller

powe red airplane would be unaffected by alti tude . In the actual case , this is

true to the extent that powerplant specific fuel consumption and propeller

e f f i c i ency (i,~ ) are the pr in cipal fa ctors which could cause a va r iation o f

specific range with altitude . If compressibi l i ty  ef fec t s  are negligible , any

variation of specific range with altitude is strictly a function of engine—

propeller performance .
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The airplane equipped with the reciprocating engine will experience very

little, if any, variation of specific range with alt i tude at low altitudes .

There is negligible variation of brake specific fuel consumption for values

of BHP below the maximum cruise power rating of the powerplant which is the

auto—lean or manual lean range of engine operation . Thus , an in crease in

alti tude will produce a decrease in specific range only when the increased

power requirement exceeds the maximum cruise power rating of the powerplants.

One advantage of supercharging is that the cruise power may be maintained at

high altitude and the airplane may achieve the range at high altitude with

the corresponding increase in TAS. The principal differences in the high

altitude cruise and low altitude cruise are the true airspeeds and climb fuel

requirements.

The airplane equipped with the turboprop powerplant will exhibit a

variation of specific range with altitude for two reasons. First , the speci—

0 
f ic  fuel  consumption of the turb ine engine improves with the lower inlet

temperatures common to high altitudes. Also , the low power requirements to

• achieve optimum aerodynamic conditions at low altitude necessitate engine

operation at low, inefficient output power. The increased power require-

ments at high altitudes allow the turbine powerplant to operate in an

efficient output range. Thus, while the airplane has no particular pre fer—

ence for altitude , the powerplants prefer the higher altitudes and cause an

increase in specific range with altitude . Generally , the upper limit of

altitude for efficient cruise operation is defined by airplane gross weight

(and power required) or compressibility effects.
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The optimum climb and descent for the propeller powered airplane is

affected by many different factors and no general, all—inclusive relationship

is applicable. Handbook data for the specific airplane and various operational

• factors will define operating procedures.

0 
4A—4 . SPECIFIC RANGE

The specific range can be defined by the following relationship:

nautical milesspecific range = lbs. of fuel

or ,
nautical mileslhr.specific range =
lbs. of fuel/hr.

- 1 thus,

. velocity (knots)specific range =
fuel flow (lbs. per hr)

If maximum specific range is desired , the flight condition must provide a

maximum of velocity/fuel flow. This particular point would be located by

drawing a straight line from the origin tangent to the curve of fuel flow

versus velocity .

An analysis of range may be obtained by a plot of specific range versus

velocity similar to 4A—lO.

Of course, the source of these values of specific range is derived by

the proportion of velocity and fuel flow from the previous curve of fuel flaw

versus velocity . The maximum specific range of the airplane is at the very

peak of the curve. Ma~dmum endurance point is located by a straight line from

the origin tangent to the curve of specific range versus velocity. This tan—

gency point defines a maximum of (nnti/lb) per (nmi lhr.) or simply a

maximum of (hrs./lb.).
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FIG. 4A - IO

While the very peak value of specific range would provide maximum range

operation , long range cruise operation is generally recommended at some sligh tly

higher airspeed. The small sacrifice of range is a fair bargain . The curves

of specific range versus velocity are affected by three principal variables:

airplane gross weight, altitude , and the external aerodynamic configuration

of the airplane. These curves are the source of range and endurance operating

data and are included in the performance section of the flight handbook.
k

F Figure 4A—ll shows a typical variation of specific range with gross

weight for some particular cruise operation . At the beginning of cruise the

gross weight is high and the specific range is low. As fuel is consumed , and

the gross weight reduces , the specific range increases. This type of curve

relates the range obtained by the expenditure of fuel by the crosshatched

area between the gross weights at beginning and end of cruise . For example,
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if the ai rplane begins cruise at 18,500 lbs. and ends cruise at 13 ,000 lbs. ,

5,500 lbs of fuel is expended. If the average specific range were 0.2 nmi/lb .

the total range would be:

Range = 0.2 ~~~~~~~~ x 5,500 lb = 1, 100 mel

END OF CF UISE
1GHT- WEIGHT OF

~ 
“FUEL USED

b 
START CRUISE

NMI/LB 

wc\\
N
~~~~~~~~~~~~~

1

GROSS WEIGHT LBS
FIG. 4 A — I I

Thus, the total range is dependent on both the fuel available and the specific

range. When range and economy of operation predominate, the pilot must ensure

that the airplane will be operated at the recommended long range cruise con-

dition . By this p rocedure , the airp lane will be capable of its maximum design

operating radius or f l ight distances less than the maximum can be achieved

• with a maximum of fuel reserve at the destination .

In the previous section it was stated that specific range was the most

• significant parameter in the study of optimum range characteristics . It was

also stated that specific range represented the ratio of true aIrspeed to

fuel flow

SR = V / W
f ~~~~~~~~
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and that specific range will vary principally with weight, configuration ,

standard altitude and airspeed.

Since the W/S method of fuel consumption flight testing gives us fuel

flow data as a function of fuel ~~~ parameter Wf/ and Mach number let us

look at specific range expre~seL iii terms of Mach number and fuel flow para—

teeter. True airspeed may be expressed in terms of Mach and temperature.

V
t 

= M 
~

“
6O8O (12)

Fuel flow may be expressed as:

(13)

Now subs t i tu t ing  for  VT and W f

SR = 

M 
= 

661 M (14)

From this we see that SR , for  a given W/6 is only a function of pressure

altitude (5) , Mach n umber (H) and fuel flow parameter (W f I~~v~~) . Note

that specific range is not a function of temperature . Remember that

Wf
= f ( M ,W / S )  (15)

That is, Wf/~
/~ is only a function of Mach number and WI~ . Thus from

equation 14

Spec i f i c  Range = f ( t S , H , W/ ~S , W
f

/ 5 v ’~ ) (16)

arid is therefore independent of temperature . This permits a plot of spec i f ic
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range for a given weight and configuration that is a function of pressure

altitude and Mach number above , such as figure 4A—12.

OPTIMUM ALTITUDE

NM I/LB

MACH
FIG . 4A 12

Figure 4A—12 will indicate the airspeed to fly for maximum SR at a particu-

lar altitude and even the altitude to fly for maximum SR but the data will

represent only one weight. An aircraft does not fly at a constant weight.

It flies at a constantly decreasing weight due to fuel usage . This has

given rise to the concept of “Cruise Climbs” which will be discussed later .

By rearranging equation 14 slightly , one can say ,

SR x ~ = (17)

This equation represents a given WR since Wf
/5/& is a function only of

Mach and w/6 (neglecting viscosity) and can be plotted as shown in figure

4A—l 3.
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ONE CONFIGURATION
MAX

SRx~ 

~~~~~~~~~~~~~~~~~~~~~~~~
MACH N’

MACH

FIG. 4A-13

Study of equation 17 and figure 4A—l3 will indicate that for a given

14/6 there is a Mach number at which a maximum value of the product of SR

and 6 will be obtained. At a specified 14/ S the fuel state will dictate

an altitude which will increase wi th decrease in fuel load. Since , at the

same Mach number , the prod uct of SR and 6 will remain constant, the SR

will increase as al t i tude is increased. This is a form of cruise climb and

the a i rcraf t  remains at the peak of the 14/6 curve. Under these conditions

H , 14/ 5 , SR x 6 and several other parameters which will be mentioned later

will be maintained constant.

3 How other types of programmed f l ight  compare to this constan t M , ~‘/6

type is shown in figure 4A— 14.
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( 1) Hold M & 14/6

(4) (2) (2) Hold RPM & a l t i tude

SR X8 ( 3) Hold altitude & vary
5) Mach to remain on

peaks

W (4) Hold alt & Mach

8 (5) Hold RPM & V
c

MACH

FIG. 4A-L4

Schedule (1) is the cruise climb as just described . It is flown at constant

14/ 5  and M and is characterized by an increase in SR and by always re-

maining at the optimum Mach number. Schedule (1) is a point on figure 4A—l4 .

Schedule (2) maintains constant altitude and power setting (RPM). At

constant altitude 1416 will decrease as W decreases and at constant RPM ,

N will increase as ~~
‘ decreases. Mach will not be optimum for max specific

range even though SR may increase.

Schedule (3) maintains altitude and decreases ~ach as 14/f decreases to

remain on the peaks of 14/f curves . Mach is always optimum and SR increases

but generally not to same extent as Schedule (2).

Schedule (4) maintains constant Mach and altitude and operates at less

than optimum Mach at lower W/ f  . It may not be too f a r  o f f  f r o m  Schedule (3).

Schedule (5) holds constant RPM and calibrated airspeed. As 14 decreases

it will be necessary to climb to maintain constant V
1 . Climb ing at con-

stant V al will yield an increase in Mach number which pulls operating point

off of optimum for the ~f . SR will increase with c~ecreased ~“ , but  the
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increase will generally not be as great as with Schedule (1).

From the above description of various schedules it can be seen that the

cruise climb characterized by holding a constant Mach number and W/6 will

maintain an operating point which is always at the op t imum Mach number f or

Specific Range. Schedule (3) also maintains an operating point at an optimum

Mach number but this represents a decreasing Mach .

Since the thermal efficiencies of thrust are better at higher V~. , the

SR under decreas ing Mach numbers will not be as good as at a constant ~ach

number .

Certain of the other schedules may have advan tage s of s~ mp1icitv . It

is easier, for instance , to fly constant altitude and RPM than to climb at

constant M and constant W/f . Experience has proven , however , that

savings in fuel or increases in range can be attained by execut ing the

Cruise Climb . This will be discussed more in the section on Cruise Climb .

The problem of maximizing specific range under conditions of variable

gross weIght , altitude , et cetera can be considered in the case of the

cruise climb holding >! and 14/6 constant . If M and ~ /f are ccnst~imt ,

then (neglecting viscosit )

Wf (N , W) 14 .

6 l 6 ~~~~~2

W f / 6 V ~~ 
= K 1 an d 6 = K 2

Now from equation 17
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K K2SR = 4
~~~~

= 66l —~~— (18)

and

dR = 661 K
1
K
2 

-
~~

-
~~~ (19)

Integrating equation (19)

R = 661 K
1~ 2 in (~

)
Or substituting f or K

1 
and 1(

2

( V ) y
R = 661 x (-~-)ln 

~
—) (20)

From equation 20, it is seen tha t  fo r  a given fue l wei ght  (W 1 
— , range

(R) will be maximum when the product (~~
—7-

~~~~~ 
x -~

) is maximum. This condition

can be determined from plots similar t~ f i gure 4A—l5 .
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FIG. 4A -J5

The product (M/~~/f/~) x (~~/~~) , a s seen iron f i~ ure -~A — i 5  no rmal ly

creases with W/~ up to an optimum altitude (or ~ / f )  wh ich is ~. he cri~ ic-i~

altitude for the engine-airframe and above t~~it  t he  p roduc t  wil l  drop o f f

due to decreased eng ine e f f i c i e n c i e s .  Figure 4A—l5 indicates  t ha t  the ~ach

number for best range at a particular altitude normally increases with alti—

tude and that the Mach number for best all around range will be fairly hich .
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Unit 4—B

Cr uise Clim b and Control

4Bl. INTRO DU CTI ON

“Cruise Climb and Control ” of an airplane implies that  the airp lane is

operated to maintain the recommended long range cruise condition throughout

the flight. Since fuel is consumed during cruise , the gross weight of the

airplane will vary and op timum airspeed , altitude , and power setting can vary .

Generally , “cruise control”  means the con t ro l  of op t imum airspeed , a l t i t u d e ,

and power setting to maintain the maximum specific range condition . At the

beginning of cruise , the high initial weigh t of the airnlane will recuire

specific values of airspeed , altitude , and peuer setting to nroduce the

recommended cruise condition. As fuel is consumed and the airnlane ~ro~ s

weight decreases , the on t i mum a i r speed  and powe r se t t i n o  ma’; decrease  or th e

optimum a l t i t u d e  may increase. In addition , the op t i m u m  s p e c i f i c  r o u t e  wi l l

also increase. The pilot must p r ov i d e  the p r o P e r  c ru i se  cont ro l  t e c h n i c u e

to ensure t ha t  the opt imum c o n d i t ion s  are m a i n t a i n e d .

From the previous ana l .’sis , i t  is ap n a r e m t  t h a t  th e  c ru i s e  a l t i t u d e  of

the  t u r b o j e t  should be as high as p o s s fb i e  w i t h i n  compre ~~s ib i l i t ’.’ or  t h r u s t

l imi t s . Generally , the op t imum a l t it u d o  to b e g i n  c r u i s e  is the h i c h e st

a l t i t ude  at wh ich the max imum c o n t i n u ou s  t h r u s t  c a n  prov ide  t h e  o p t i m u m

aerodynamic condit ions , Of course , the optimum alt itude is • termin e~

mainly by the gross ~~ ight  at the b e g i n n i n g  o f  :r - i i se .  ~or the maiorit: of

tu rbojet  airplanes this a l t i t ude  wi l l  be at or above the  t rop opau se  f or

normal cruIse confipurations .

~ost t’:rho~ et airplanes which have transonic or moder ate cupersonic

• p e r f o r m a n c e  will obtaIn maximum range with a hith s ihsonf c cru ’i-~c- . However ,

the airplane designed specifically for h l t h  supersonic ner~~ rmance will
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obtain maximum range with a supersonic cruise and subsonic operation will

cause low lift—drag ratios, poor Inlet and engine performance and reduce the

range capability.

The cruise control of the turbojet airplane is considerably different

from that of the propeller driven airplane. Since the specific range is so

greatly affected by altitude, the optimum altitude for beg in of cruise should

be attained as rapidly as is consistent with climb fuel requirements. The

range—climb program varies considerably between airplanes and the performance

section of the flight handbook will specify the appropriate procedure. The

descent from cruise altitude will employ essentially the same feature , a rap id

descent is necessary to minimize the time at low altitudes where specific

range is low and fuel flow is high for a given engine speed.

Dur ing cruise flight of the turbojet airplane , the decrease of gross

weight from expenditure of fuel can result in two types of cruise control.

Puring a ~‘nnstant altitude cruise , a reduct ion  in gross wei ght  will  r equ i re

a re duction of airspeed and engine thrust to maintain the optimum lift co—

ef fic ie nt of subsonic cruise. While such a cruise may be necessary to conform

to the flow of tra ffic , it constitutes a certain inefficiency of operation.

I f  the  a i r p l a n e  were not res t ra ined to a par t icular  a l t i t u d e, main ta in ing  the

same lift coefficient and engine speed would allow the airplane to climb as

the gross weight dec reases. Since a l t i tud e generally produces a benef ic ia l

effect on range , the climbing cruise implies a more efficient flight path.

The cruising f l i ght  of the t u rbo je t  airp lane wil l  beg in usually at or

above the tropopause in order to provide optimum range conditions . If flight

is conducted at (C
L /CD

),
~~x 

, optimum range will be obtained at specific

• 0 0 1



values of lift coefficient and drag coefficient. When the airplane is fixed

at these values of CL and CD 
and the TAS is held constant, both lift

and drag are directly proportional to the density ratio, o , Also, above the

tropopa use , the thrust is proportiona l to o when the TAS and RPM are

constant. As a result, a reduction of gross weight by the expenditure of fuel

would allow the airplane to climb but the airplane would remain in equilibrium

because lift, dra g, and thrust all vary in the same fashion. This relation-

ship is illustrated by figure 4B—l.

~~.F0R CL~~~ ,
/ TAS~~~J

FOR C0”~~ , FCR RPM~TAS~~$J TAS
D~ o T--~ ’

:- WEIGHT DECR EASES AS
FUEL IS BURNED

FIG. 4 B I
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The relationship of lift, drag, and thrust is convenient for, In part ,

it justified the condition of a constant velocity . Above the tropopause , the

speed of sound is constant hence a constant velocity during the cruise—climb

would produce a constant Mach number. In this case, the optimum values of

(CL~
/CD) , C

L and CD do not vary during the climb since the Mach number Is

constant. The specific fuel consumption is initially constant above the tropo—

pause but begins to increase at altitudes much above the tropopause. If the

specific fuel consumption is assumed to be constant during the cruise—climb ,

the following relationships will apply:

- • V , N , CL and CD are constant

01 
—

FF2 0
2

FF
1 

—

L ~~

SR W2 
= 

1 (cruise climb above tropopause ,
SR
1 

W
2 constant  N , c

~
)

where

conditions (1) applies to some known condition of weight , fuel flow , and

• specific range at some original basic altitude during cruise climb .

condition (2) applies to some new values of weight , fuel flow, and sped —

fit range at some different altitude along a particular cruise path.

and

V = velocity, knots

N = Mach number
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W — gross weight, lbs.

FF = fuel flow, lbs/hr.

SR = specific range, nmi./lb .

= altitude density ratio

Thus, during a cruise—climb flight, a 10 percent decrease in gross weight from

the consumption of fuel would create:

no change in Mach number of TAS

a 5 percent decrease in EAS

a 10 percent decrease in c , i.e., higher altitude

a 10 percent decrease in fuel flow

an 11 percent increase in specific range

An important comparison can be made between the constant altitude cruise and

the cruise—climb with respect to the variation of specific range . From the

previous relationships, a 2 percent reduction in gross weight during

SR [~~ T

~~~ constant altitude

SR2 W
= cruise—climb

S
1 W2

cruise would create a 1 percent in specific range in a constant altitude cruise

but a 2 percent increase in specific range in a cruise—climb at constant Mach

number. Thus, a higher average specific range can be maintained during the

expenditure of a given increment of fuel. If an airplane begins a cruise at

optimum comd•itions at or above the tropopause with a given weight of fuel,

the following data provide a comparison of the total range available from a

2 2 4
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constant altitude or cruise—climb flight path.

Ratio of cruise fuel weight to airplane Ratio of cruise—climb range

gross weight at beginning of cruise to constant altitude cruise

range

0.0 1.000

.1 1.026

.2 1. 057

.3 1.092

.4 1.136

.5 1.182

.6 1.248

.7 1.331

For example, if the cruise fuel weight is 50 percent of the gross weight , the

climbing cruise flight path will provide a range 18.2 percent greater than

-
~ cruise at constant altitude. This comparison does not include consideration

of any variation of specific fuel consumption during cruIse or the effects of

compressibility in definIng the optimum aerodynamic conditions for cruising

flight. However , the comparison is generally applicable for aircraft which

have subsonic cruise.

When the airplane has a supersonic cruise for maximum range , the optimum

flight path is generally one of a constant Mach number . The optimum flight

path is generally — but not necessarily — a climbing cruise , In this case of

subsonic or supersonic cruise , a Machxneter is of principal importance in

cruise control of the jet airplane .
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4B—2. CRUISE CLI~~ AND CONTROL SCHEDUL ES

In the previous section on specific range the concept of the “Cruise

Climb” was introduced. The phrase, “Cruise Climb” is used in aeronautical

literature to apply to various types of flight programs designed to improve

overall maximum range for a given fuel load. As used in this section,

Cruise Climb will refer to a flight programmed to maintain a constant N and

W/cS

To determine how one can fly a schedule of constant Mach number and

all factors which are constant wh~~ N & W/5 are constant. From the

lift equation:

— 
2W 

— 
2 W/s

S i . S p
~~ 1

Equation (1) indicates that

CL 
= f (W/ f , N

2
) (2)

since y , p 51 and S are constant. If in a cruise climb , WIf and ~

are constax~t then

C
L 

= const.

Inasmuch as CL is also a function of ang le of at tack and Mach number

C L = f ( a  , M) (3)

then

a = coflst.

For steady , level f l ight, neglecting viscosity

2 2 6

L - 
_______________________________



_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ______

= f (M , W/~S) (4)

Therefore D/S must be constant. The ratio of two constants must be constant

so

w/~ w
= constant

But W = L in steady level flight and thus

L/D = constant.

From this, CL/CD and CD are constant.

Neglecting viscosity , for a constant area engine the following parameters

are functions of Mach number and W/~ and are therefore constant:

constant (RPM , Temp)

Tc/~
S constant (Gross Thrust/Pressure)

Pt7
/Pa constant (Exit ?ress./Pressure)

W
f/~

v’Q constant (Fuel Flow/Press .—Temp)

From a previous section it was noted that specific range parameter is also

constant

SR x 5 = constant

or

M/W
f

= constant

- -_ _



Since

f 1~~ —~~~x 5vc3
TSFC = = 

T

and W
f~~V’~~ and T/5 are constant , therefore

TSFC/v~ = constant

This could possibly be continued “ad in f in i tum” but the list is imposing

enough . Of this list , however , there are very few constant parameters which

are easily measured or indicated to an engineer. The Mach number , a , H
p
1

RPM , fuel remainting, T
~ 

and TG/5 can be read from cockpit instruments

so a pilot would be able to fly the following type schedules

a. constant ct and N

b. constant W/~ and M

c. constant TG/5 and >~

d. constant N / v~ and -
~

e. constant T
~
/
~ 

and N / v ~ in isothermal  layer

f. other variations or comb inations of the above .

Flight testin g has indicated that schedule (b) produce the best results

with the instrumentation available. A sligh t modification of schedule (d)

with schedule (b) was also recommended as suitable . For variable area engines

schedule (c) appeared to have the greatest promise.

Increases in cruising ranges of from 5—6% can be realized using cruise

climb techniques as compared to level flight procedures . Increases of up to

10% in cruising range are theoretically possible but were not realized during
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the project. The concep t was declared service suitable and its use was

recommended to the fleet. Data required for cruise climb Is obtainable during

normal level flight testing. Pre—flight prepa ration fo r cru ise climb is a

requiremen t and special cards and charts mus t be prepared. Of the two factors ,

altitude and Mach , Mach is the most critical and must be maintained on the

assigned value .

Figure Ar~— 2 shows several flight profiles utilizing both level fligh t

and cruise clir~ proced ures from varying initial altitudes . Fuel used in

the climb is factored into the plot and lines indicating various values of

fuel remaining interconnect the various profiles for ease of compariosn.

CRITICAL /

ALTITUDE CRU1~€

B -
, 

LEVEL ,~~~

‘

‘

S

I I

\3000 ~~~~~~. ~2OOO LB. ,‘ 1000 LB.
4000 LB. \

A ‘LEVEL

- - 5000 LB FUEL REMAINING

RANGE NM1
FIG. 4B -2

f 

229

L ~~~ _ - - •— - - - • _ _ _ _ _  
_ _ _ _



It is seen that climbing to al t i tude B and f lying either cruise climb or

constant altitude will produce a better overall range than either schedule from

altitude A. At altitude A the cruise climb schedule represents an imp rovemen t

over the level flight schedule. From altitude B, the cruise climb rep r esen ts

an improvement over level flight up to that altitude at which Specific Range

decays with further increase in altitude. At this point it would be preferable

to f ly a schedule such as schedule (3) on figure 4A— 14 such that Mach is re-

duced to remain at the Mach number for mar specific range at that  ~~

2~~~0
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Uni t 4—c

Endurance Performance

4C—l, INTRODUCTION

The general item of endurance must be clearly distinguished from ‘~b :~

item of range. The item of endurance involves consideration of time.

Thus, it is appropriate to define a separate term , “specific endurance.”

flight hoursspecific endurance = 
lb. of fuel

or,

specific endurance = 
fli~ht hours/hr.
lbs. of fuel/hr.

then,

specific endurance = 
1

fuel flow, lbs. per hr.

By this definition , the specific endurance is simply the reciprocal of  the

fuel flow. Thus, if maximum endurance is desired , the fli ght condition must

provide a minimum of fuel flow. This point is readily ~p~reciated as the

lowest point of the curve of fuel ‘Dw versus velocit’:.

Maximum endurance will be achieved under those flight conditions re-

quiring the least expenditure of fuel per unit time , i.e., that altitude and

speed at which fuel flow , , is at its absolute minimum required to sustain

flight. This condition will be determined by the desires (or requirements) of

the airframe and the JP appetite of the engine. Airframes in general prefer

low altitudes for maximum endurance. From the standpoint of only the airframe ,

maximum endurance would be achieved at the speed for minimum THP required and

this minimum value as well as the speed at which it occurs decreases as the

altitude is decreased. This poin t of minImum THP furthermore corresponds to

that fl ight condition at which (C
L
3”2 /CD) is a maximum. Thus for maximum

endurance the airframe would like to stay low and slow.
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~+C—2. TURBOJET AIRCRAFT ENDURANCE

Since the fuel  f low of the t u r b o j e t  powered a i rp lane  is propor t iona l

to t h r u s t  required , the tu rboje t  airp lane ~-:il1 achieve namimun specific

endurance when operated at minimum thrust required or (L/D) . In sub-

sonic flight , 
~~“~~max 

occurs at a specific value of lift coefficient for a

given airplane and is essent ia l ly  independent of weigh t or a l t i t u d e .  if ~~

airplane of g iven weight  and con f igu ra t ion  is opera ted  at  var ious a l t i t u d es ,

the value  of the min imu m thrus t required  is u n a f f e c t e d  as shown in fizure 4C—l.

~ ence , it is apparent that the aerodynamic configuration has no preference f or

altitude (within compressibility limits) and specific endurance is a f ncri~ n.

onl’; of engine performance.

SEA LEVEL
THRUST MINIMUM T HRUST AT ALT ITUDE
REQ ’D AND (L/D)mox

LBS I
ONF WEIGHT

V KTS 

ONE CONFI GURATION

FIG. 4 C I
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The specific fuel consumption of the turbojet engine is strong ly

affected by operating RPM and altitude . Generally , the turbojet engine pre-

fers the operating range near normal rated engine speed and the low ten~pera—

tures of the stratosphere to produce low specific fuel consumption. Thus,

increased altitude provides the favorable lower inlet air temperature and

requires a greater engine speed to provide the thrust required at (LID)

The typical turbojet airplane experiences an increase in specIfic endurance

wi th  a l t i tude  w i t h  the peak values occur r ing  at or near the t ropopause .  For

example, a typ ical single—engine turbojet airplane will have a ma~imiim speci-

f i c  endurance at 35 ,000 ft. which is at least 40 percent greater than the

maximum value at sea level .  If the turbo et airplane is at low altitude and

it is necessary to hold for a coasiderab le time , na:•:imun time in the air will

be ob tained by beginning a i-limb to some optimum altitude degendent upon the

fuel quanrit~: available. Even though fue l  is expended during the climb , the

higher altitude will provide greater total endurance. Of course , the use of

afterburner for the climb would produce a prohib itive reduction ~n endurance.

The engine characteristic for a turbo— ~ct  engine  ~-ihi-:h has the most

effect on endurance considerations is thrust specific f u e l  con s u mp t i o n .

lb fuel/hr , .• TSFC = . TSFC varies with thrust , ai r sp eed , alt:tude and
lb thrust net

temperature , b ut generally speaking it is fairly constant for turbo—iets

opera ting in cruising ranges at a particular altitude. ~\ typical curve of

TSFC might look like figure 4C—2 .
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LOW ALTITUDE

~~
I.O

~~~~~~~~~~~~~~~~~~~~~ Th IG~~~~~~TUDE

MACH
FIG. 4C-2

If TSFC is a cons tan t , it may be shown that  the endurance of a jet

a i r c r a f t  (in hours)  is

P =thC
(~~~ 

1o~~~
(
~0) (1)

Figure 4C—2 indicates that TSFC decreases as altitude is increased and

slightly decreases as airspeed decreases but is fairly constant at cruise

airspeeds . If thrust specific fuel consumption , which is W
f/T , is fa irl y

constan t , then minimum fuel flow vill correspond to the point of minimum

thrust.

w
TSFC = _L

~~~K (2)T 1

(W
f
)
min 

= K
1 

(T)
i

Thus the engine would prefer to operate at hioh altitudes for minimum TSFC

and at a part icular altitude would like to operate at a speed fairly close

to the point of minimum thrust required (or drag) . The speed for minimum

thrust required corresponds to that flight condition at which (C
L

/C
D
)

34

~4 

~~~~~~~~~~~



and occurs at a speed greater than minimum THP

It is obvious that endurance considerations for the turbo—jet engine—

• airframe combination must represent a compromise between the desires of each .

Engine effec ts are normally stronger than airframe effects and maximum endu-

rance conditions usually are found at high al ti tudes and at airspeeds f a i r l y

close to minimum drag or (C IC )L D max

It was mentioned above that turbo—jets normally decrease TSFC with in-

crease In altitude. It is necessary to qualify this statement with the

provision that this is only so up to the so—called I critical~ altitude of the

engine . At altitudes above critical , eng ine efficiencies decay with further

increase in al ti tude resul ting in increase in TSFC and therefore decay in

endurance . For present day engines critical altitude usually occurs fairly

close to the beginning of the isotherma l layer (l6 ,fl~ 9 feet) .

It is importan t to remember that the endurance considerations mentioned

above are all predic ated upon steady level fligh t at a narticular altitude.

A very essential p iece of informat ion req uired to comp lete the endurance

picture is the fuel required to climb to the altitude at which optimum level

fligh t endurance is obtained. Under mamv circumstances it will he more

advantageous for overall endurance to remain at a lower altitude than to ex-

pend fuel for climbing. By compiling climb fuel consumption data with level

fligh t endurance data , guide lines can be established to assist In making

decisions to climb or maintain altitude .

Now that we have discussed some of the theoretical aspects of endurance

let ’s look at the practical side . How does one determine endurance figures by

fligh t test? Very simply — record fuel flow during level fligh t testing by
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the W/5 or similar method . If the data generalizes well , a plot of fuel

flow versus airspeed such as figure 4C—3 can be constructed for various alti-

tudes for a given weight and configuration .

• SEA LEVEL STD. ALTITUDE

-J 10K ONE WEIGHT
20K ONE CONFIGURATION

30

35K MAX ENDURANCE

V~ KTS
FIG. 4C-3

That altitude and airspeed at which to obtain maximum endurance (minimum V f
)

will be readily apparen t as will be the airspeed for optimum endurance at any

altitude . A plot such as this marries the airframe and engine together and

produces a legitimate offspring which is a reflection of both of its parents

but which favors the characteristics of the stronger influence .

Pilot abilities and desires should also be considered , and a “recommended ”

maximum endurance airspeed may be chosen in preference to an actual speed

for maximum endurance . Proximity to the region of “reversed power command ”

may well dictate a recommended airspeed which is faster than the actual

airspeed.
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A slightly different form of data presentation may be useful ~n selecting

the power setting and altitude for maximum endurance on constant geometry

engines is shown in figure 4C—4.

I-
c STD. TEMP.
/ ONE WEIGH T

~ W~ ~~ ONE CONFiGURATION

FUEL FLOW, Wf LB/H R

FIG. 4C -4

This presentation quickly indicates the power setting in percent of RPM and

the altitude at which to obtain minimum fuel flow (point A). Lower RPM will

not sustain the airplane in level flight without reduction in altitude and

resultant increase in fuel flow (point B). Higher RPM will sustain the plane

at higher altitudes but W
f 

is greater (point C).

4C—3 PROPELLER AIRCRAFT RANGE

If it is assumed that the specific fuel consumption and the propeller

efficiency have constant average values, the endurance in hours is expressed by

E = 778 
~~~~~ ~~L

3I2
~ 

- (4)
C 
\
C
D / ~
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M~ airframe will have the least Till’ 
at a particular angle of attack

which is independent of weight and altitude and where (C
L
3!/2 /C

D
) is greatest.

(C
L 

/CD) will be greatest when THPr 
is leas t on the p lots of

Figure 4C—5. These plots indicate that “airframes” require minimum T1-TP at

low altitude and thus “prefer ” a low altitude for maximum endurance.

ONE WEIGHT 
/ 

ONE p

/ LOW p/

CL~~~~~~~ 1/THP //
{ ~ D} ,nax~~~)~~ HIGH w//

/ 
_ _ _ _ _ _ _ _

V~ V
FIG. 4 C 5  t

The curve at right shows that the airframe requirements for maximum endurance

are optimized at light weights; and that when weight is increased , the optimum

speed for  endurance (V
t
) is greater. In short , airframe ’s op timum condi tions

for maximum endurance are (1) light weight , (2) high density (low altitude),

3/2
and (3) speed for minimum Till’ required (CL lCD

)
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Power plants alone obviously demand only low fuel flow . This would be

achieved at idle. To be realistic in our consideration of power plants for

conditions of endurance we have to partially “marry” the airframe and engine

because we must require that the power developed is adequate to sustain

level flight at or near the speed of minimum ThP required. For maximum endu-

rance wi th any power p lant we want a power setting which will give min imum

fuel flow in pounds per hour . In a reciproca t ing eng ine we have a pr opeller

pitch control through which we can alter the internal pressures of the

engine . Best fuel c on s u m p t i o n  characteristics are usually obtained when we

maintain a maximum allowable B~IP. ye do this as we vary power by holding a

minimum specified pJ’y w i t h  each manifold pressure setting. If we fellow this

pre—set “power schedule ” as we decrease power and likewise operate the mixture

control in a similar predeterm ined , fixed schedule , a repea table plo t of BHP

vers us ~~ w ill result as pc~ er is vur ed . (A sl i gh t l y  d i f f e r e n t  plo t will

result as aLti:u~ e is var ied , but , in general , the slight gains in fuel flow

at hi gher altitu ~ es do nut make it pro~ itahIe to increase airplane altitude

because hi~ h e r  BHP ’s are re~ uired there.

since t..e fuel xlow of the ;~rcpell-~r driven airplane is proportional

to power required , th~~~ pr~ pe1ler powered airplane will achieve maximum

specif ic endurance when operated it minimum power required. The point of

minimu.:~ power re-u~~i-ed is obtained at a specific value of lift coefficient for

a p i r r icu li r airplane ccnfiguration arid i~- essentially independent of weight

or altitude . However , an increase in altitude will increase the value of the

minimum ~awer required as illustrated by f io u r e  4 C—6 .
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SEA LEVEL AT ALT ITUDE

P~~~ g ~~ Iv / 
/

HP 
./ 1 / / ONE WEIGHT

ONE CONFIGURATION

V KTS
FIG. 4C-6

If the s p ec i f i c  fue l  consumption were not  inf luenced by a l t i t u d e  or engine

power , the spec i f ic  endurance would be d i r e c t ly  propor t ional  to , e.g.. the

specific endurance at 22,000 ft. (c = 0.498) wculd be approximately 70

percent of the value at sea level. This example is very nearly the case of the

airplane with the reciproca ting engine since specific fuel consumption and

propeller efficiency are not directly affected by a l t i t u d e . The obvious con-

clusion is that maximum endurance of the r ec ip roca t ing  engine a i rp lane  is

obtained at the lowest practical altitude .

The variation with altitude of the maximum endurance of the turboprop

airplane requires consideration of powerplant factors in addi t ion  to airplane

factors. The turboprop powerplant prefers operation at low inlet air tempera-

tures and relatively high power setting to produce low specific fuel

consump tion . ~‘hile an Increase in altitude will increase the minimum power
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required for the airplane , the powerplant achieves more efficient operation .

As a result of these differences , maximum endurance of the multiengine turbo—

prop airplane at low altitudes may require shutting down some of the powerplants

in order to operate the remaining powerplants at a higher , more e f f i c i en t

power setting.
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SUPPLEM E NTARY PROBLEMS

Unit 4

The F—4J Phantom has the following characteristics:

Number of engines = 2

T = 11,000 lbs/engine

S =  530 ft

e = 0.935

C
D 

= 0.032
0

TSFC = 0.8 lb fuel/lb thrust—hr

b = 38.4 f t

W = 29 ,500 lbemp ty

W = 52 ,000 lb
max

W = 2 ,000 lb
ordnance

1. An F—4J aircraft takes off from a carrier and f ly s  to the Bomb S a f e

Line (Point Y ) .  From th is  poin t  it flys at  maximum range at sea level

to the target (Point X), drops its ordnance and re turn s to Point  Y . I t

then re jo ins  carr ier  and lands . The fo l lowing fuel  requ i rements  exis t .

Carr ier  to Point  Y 4 ,000 lbs

Point  Y to Carr ier  3 ,000 lbs

Reserve upon re tu rn to carr ier 1,500 lbs

Can this aircraft complete the mission if the distance from Point Y to

Poin t X is 390 miles?

42
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SUPPLEMENTARY PROBLEM S

SOLUTION SHEET
UNIT 4

1. At point Y (inbound) the aircraft weight is

52 ,000 lb (full weight)
- 4~ 0O0 lb (Fuel to Point Y )
48,000 lb

At Point Y (return) the aircraft weight must be

29 ,500 lb (Empty weight
+ 1,500 lb (Reserve fuel)
+ 3,000 lb (Fuel from Point Y to carrier )
34,000 lb

The problem now is , can the F-4J fly 390 miles , drop

2,000 lb of ordnance and return 390 miles with an initial

weight of 48,000 lb and a final weight of 34,000 lb?

The equation for max imum range at a constant altitude

is , (Eq. (10), 4_A ):

R I  
T~~; C J C S  

(
~~~~o ~~~~~~~~~~~

F i r s t , one must determine CL~~
’CD for  this aircraft . The

dra g coef f ic ient is givem by
CL
2

C CD + where AR b2 ‘S
D o ~~A R e

1 — 
1 

—

~~~AP e 
— 

3. 1416 x ( ( 3 8 .4 ) 2 / 5 3 0 )  x 0 .935 
— 0. 22

so that
CD 0.032 + 0.122 CL

2

Max imu m ran ge occurs where  CD0 3 CDi ,  or

0.032 = 3 x 0.122 CL
2

and
CL 0.296

C
’
~L (0.296)2 

12.74
CD 0.032 + 0.122 x (0.296)2
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SUPPLEME NT AR Y PROBLEM S

SOLUTION SHEET

UNIT 4

(Cont )

1. (Continued)

The range equat ion now reduces to :

R i  = 1.675 x 12.74 x (J ~~~~~
- /~~

)
0.8 x (0,0023769 x 530)½

23.77 ( J-
~~ 

- T~~
)

For the leg from Point Y in to the target , t he  i n i t i a l  wei ght

(W 0) and the final Weig
ht (~i

1 ) are

W = 48,000 lb W b. lbo 1 x
For the leg from the tar~~et (after the ordnance is dropped )

back to Point Y the weights are

WI b.’ - 2,000 lb W’ 34,000 lbo x 1
Inasmuch as the range is the same inbound and outbound .

from the range equation

- JW1 =/~
‘
~ -

or 

/48,000 -/
~~~~~~~ 

=Jw - 2,000 - i34 , 000

There are many ways to solve the above equation , and one
method  is by the  u se of a graphical iterativ e appr oximation .
If the equation is rewritten as

J( 48 ,000 - 
J -

~~~~ 

) ../? w~ - 2,000 - /34 , 000 ) = DIFF

one can seek a v-:ilue of ~ that will make DIFF’ = 0. To do this.
var ious vaules ~~~~~~ and plot the trend of DIFF~~ver sus

One possible first assumption would be that is one-half

the difference in Point Y weights. Taking one-half the sum

w = ½(48,000 + 34 ,000) - 41,000 lbxland

(/48,000 - /41,000 ) - ( /4 1 , 000 - 2 , 000 ~J34,000 = 3.51
W i t h  a p os i t i v e  va lu o  of DIFF , ther e is an indication that the

first appr oximation of W was too low. Theref ore assum e

= 42 ,000 lbx
2

J48,000 - /42, 000) - ( /(42,000 - 2;000) -/34,000

2 4 4
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SUPPLE MENTARY PROBLEMS

SOLUT ION SHEET

UNIT 4

(Cont )

1. (Continued )

Plotting these val’,ies of DIFF vs W shows

4
k
‘5
’

2 ‘5
‘5

DIFF 
I41 ,000 42,000

-1-

-2

The intercept of the plot ted line is at

(3.5l
~~

L
~~~~

l46)x 1,000 + 41 ,000 — 41 706 lb

Check :
48 , 000 - 41 ,706 = 14.87

41 ,706 - 2000 - 34 , 000 = 14 .87

The maximum r ange at cons ta nt sea level altitude is

Rnmi = 23.77 x 14.87 = 353 nmi

The aircraft CAN NOT fi the pr oposed 390 mile track.

2. The maximum range the F-4F can fly from Po in t  Y t o  Po in t  N ,

drop the ordnance and return is 353 n m i  (as shown in the

s o l u t i o n  to  Pr oblem 1.

3. Prom Eq. (1), 4-C , the endurance of a jet aircraft in

hour s  is
W

Eh TSFC ç 
in ~2.

Maximum endurance will be at (C L
’C

D ) \~~\ .  
which occur s when

CD0 CDi
. From Problem 1, CLI = 0.032 and CDi = 0.122 CL

2

therefore ,
CL = (.032 ’o.l22) ñ.512

and

C
L 0.512 — —

CD \L\ \ 2 x O . O 3 2
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SUPPLEMENTARY PyOBLFMH

SOLUTION SMEET

UNIT 4

(cont )

3. (Continued )

The maximu m endurance in yI\1 ’T~~~ is

- . E .  ~~~~~~~~~~~~~~~~~~~~~~~~~~- . minutes 0.8 ‘.1

For Op t i o n  a :

W = 29,500 lb + 3,500 lb + 2,000 lb 35 ,000 lb
° (Dr y) (Fuel) (Ord)

= 29 ,500 lb + 1,500 lb 2 , 000 lb = 33 ,000 lb
(Dry) (Pes) (Ord)

and 1 5 000F = 60 x ~~~
—

~~
- x ‘Z.97 x in  

33 ;000 = 35 m i n u t e s

For Option b :

= 29 ,500 lb + 3,500 lb 33,000 lb

= 29 ,500 lb + 1.500 lb = 3i ,0C)C lb

and 1 3 000
= 60 x ~~~~~~~~~ x 7 .97  x in = 37 m i n u t e s

For Option c:

= 29 ,500 lb 3 , 500 lb 33 , 000 lb

= 29 ,500 lb + 500 lb = 30,000 lb
and

E = 60 x x 7. 97  x in 57 minutes

Onl y Opt ion c is viable in view of the projected 45 minute

delay .

2 4~B
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PERFORMA NC E I I

U N I T  5

Maneuvering Flight
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AE 2306

PERFOEMANCE II

Uni t  5 — Maneuv er ing , Instantaneous Maneuverability, Tactical Performance

OaJECT IVE

As a resul t  of your work in this  Uni t , you should be able to :

1. Draw a free—bod y diagram of an a i r c r a f t  in level turning fli ght showing

the components of lift , weight , and centrifugal force .

2. From the free—body diagram , derive the equation for radius of turn (~~)

in terms of velocity and angle of hank. (Eq . (8), Sect ion 5—A ) .

3. State the relationship between normal acceleration and the angle of

bank in a constan t velocity, level turn .

~~~. Usina the f a c t  that  sec x I + tar~ x , convert the e q u a t i o n  for

radius or turn to an equation containing veloci:’: and norma l accelera-

tion terms .

5. Explain how instantaneous maneuvering oerformanc~ (n varies

vith Mach number.

~~~. Discuss the e f f e c t s  of dynamic pr e s s ur e  ( q ’~ and ~ in g loading (V’S)

on the e f f e c t i v e n e ss  of vec tored  thrust on a
VAX

7.  Draw a rad ius  of turn versus velocity n ’~ -t ~h~’v~ no the -ierrdvnamic

and structural limits and the maneuver sner -
- ,o~ nr.

8. Determine maneuver speed , given the stall sreed and the l~ mit load

factor.

° . Draw a V—n d iagram , given ‘

~

‘

~~~
‘ 

and

10. Indicate on the V— n diagram V , area of low speed buffet and area

of high speed buffet.

11. Define Serv ice , Operational and Permissible flight envelopes .

2 4 8
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AE 2306

PERFORNANCE II

Uni t 5

PROCEDURE

1. Read Sections 5—A , 5—B and 5—C.

2. Review the Statement of Objectives.

3. Answer the S tudy Questions .

A . Review the resource material as necessary , based on your difficulty with

the Study Questions .

When you are ready , ask f o r  the vr i t t en  tes t  on th is  Un i t .  This tes t

will  be Closed Book .

5
’
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AE 2306

PERFORMANCE II

Unit 5

STUDY QUESTIONS

1. What is the percentage increase in lift required in a constan t velocity,

level flight turn at bank angles of 30°, 4 50  and 60°?

2. What is the limiting factor on radius of turn at velocities below the

maneuver spaed?

3. What is the limiting factor on the radius of turn at veloci t ies  g rea te r

than the maneuver speed?

4 . On a V—n diagram , how does the aerodynamic l imi t  load f ac to r  vary wi th

velocity?

5. A 10 ,000 lb a i r c r a f t  wi th  a wing area of 200 f t 2 
has a l i m i t  load

f a c t o r  of 8 and a maximum l i f t  c o e f f i c i e n t  of 1.1. What is the ve loci ty

in knots for minimum turn radius at sea level?

6. Wha t is the maneuver speed in knots Equivalent air speed for the aircraft

of Quest ion  5 at an altitude of 20,000 f e e t ?

7. What is the effect of increasing the normal acceleration load factor

on the drag euqation?

8. Can an F— lA “turn inside ” a P—3 if both are at the same air speed and

the same angle of bank? Why ?

9.  Given V / V
s 

2.65 and V,~~~/V
5 

= 5.5 , draw the pos i t ive  load f a c t o r

portion of the V—n diagram for an aircraft whose stall speed is 100 knots.
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AE 2306

PERF ORMANCE II

• Unit S

STUDY QUESTIONS - SOLUTIONS

1. Level 100% Lift

O = 30° 115% 15% increase

O 45 ° 141% 41% increase

0 = 60° 200% 100% increase

2. Aerodynamic Limit

3. Structural limit
-, 2

~~ . n is proportional to V — Varies as V

3 1

~~ V ~ 
2 W 

)
2 

= 195.6 ft/sec = 115.8 kts
5 ~S C ~

max

V ~~~~ 327.5  k t s
p S

~ . at 20 ,000 ft , Vep 
= 327 .5  k ts  (same as at sea level)

-
‘ 

7. C
D 

= C
D 

+ C
D 

= C
D 

+ C
L 

[TrA P e
0 1 0

C
L 

2nW / (p5 \.2)

2 2
C
L ~(ri )

therefore C
D 

incr eases as a
i

8. No Both are at same V and same 0

Radius of turn = 
~~~

— ~~~~~~~~~~~~
g tan O

9. If V /V 2.65 = V 2.65 x 100 = 265 kts
P S  p

n 7  V 5.5x100 550 ktsmax

2 5 1
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Unit 5-A

Maneuvering Performance

5A-1. INTRODUCTION

When the airplane is in turning flight , the airplane is not in static

equilibrium for there must be developed the unbalance of force to produce

the acceleration of the turn. During a steady coordinated turn , the lift is

inclined to produce a horizontal component of force to equal the centrifugal

force of the turn . In addition, the steady turn is achieved by producing a

vertical component of lift which is equal to the weight of the airplane .

Figure 5A—1 illustrates the forces which act on the airplane in a steady ,

coordinated turn .

BANK ANGLE ,~ N.

N

/

/
&~~~~~~~~

/ ~—WE I GHT
/
,

~~
—

, ,

CENTRIFUGAL FORCE
FIG. 54-I

I
2 5 2



For the case of the steady , coordinated turn , the vertical component of

lift must equal the weight of the aircraft so that there will be no accelera-

tion in the vertical direction . This requirement leads to the following

relationship :

L
(1)

1n = sec~ (2)
cos &

where

n load fac tor or

L
T 

lift , lbs.

W weight , lbs .

bank angle , degr ees

From this rela tionship , it is apparent that the steady , cocrdinated turn

requires specific values of load factor , a , at various ang les of bank , ~

For example , a bank angle of 60° requires a load factor of 2.0 (cos ~O° = 0.5

or sec 60° = 2.0) to provide the steady, coordinated turn . If the airmiane

were at a 60° bank and lift were not provided to produce the exact load

vector of 2.0, the aircraft would be accelerating in the vertical direction

as well as the horizontal direction and the turn would not be steady . Also ,

any sideforce on the aircraft due to sideslip, etc., would place the resul tan t

aerodynamic force out of the plane of symmetry perpendicular to the lateral

axis and the turn would not be coordinated .

As a consequence of the increase lift required to produce the steady

turn in a bank, the induced drag is increased above that incurred by steady ,

wing level, lift—equal—weigh t fli ght. In a sense , the increased lift

253
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required in a steady turn will increase the total drag or power required in

the same manner as increased gross weight in level flight. The curves of

figure SA— 2 illustrate the general effect of turning flight on the total

thrust and power required . Of course , the change in thrust required at any

given speed is due to the change in induced drag and the magnitude of change

depends on the value of induced drag in level flight and the angle of bank in

turning flight.

Tr

TURNIN G /FLIGHT Thi,
THP /

./  L EVEL FLIG HT

INC REASED THP~ REQUIRED

FIG. 54-2
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Since the induced drag predominates at low speeds , steep turns at low

speeds , can produce significant increases in thrust or power required to

maintain altitude. Thus, steep turns must be avoided after takeoff , during

approach , and especially during a critical power situation from failure or

malfunction of a powerplant. The greatly increased induced drag is just as

important — if not more important — as the increased stall speed in turning

flight. It is importan t also that any turn be well coordinated to prevent

the increased drag attendan t to a sideslip.
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5A—2. TURN RADIU S AND TURN RATE E~~3ATIONS

In the following section equations will be developed that will permit

computation of turn radius and turn rate from variables that can be measured

in flight (bank angle or load factor and airspeed).

The total lift forces acting on the aircraft in a level turn are shown

in Figure 5A—3 .

CENTER L si n’~OF URN

AFT VIEW

TOP VI EW 

h~~~~~~~

—

~ 

R

FIG. 54-3

Note that in the above diagrams it is assumed that the total lift vector

Is tilted through the same angle (2) as the airplane is banked (i.e., LT

is normal to the airplane ’s y ax i s) .  Thus there is no side force  ac t ing  on

the airplane .

2 5 6
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Since the airplane is in a level turn we can state

E F  = 0
V

which gives

LT cos o = W

Wcos ~ =~~~~~
— (3)
T

The force in the radial direct ion causes the aircraft to accelerate radially ,

thus

F = M a Where F = Forces in radial direction (4)
R r R

a = Corresponding acceleration
r in radial d i r ec t ion .  From

mechanics we have that

a~~~~~ —

Evaluating the ( FR) term (see the above figures):

L sin~~~~~ - a (5)
T g r

Sub~ tItuting ~~ for a and rearranging gives

1 (6)

Substituting Equation 3 fcr (WIL T ) gives

R = 
cos 

~ (7)
g sin ~

or 

1 - 
(~~~g tan~~

2 5 7
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The above equation allows the use of the true airspeed (V
t
) and the bank

angle (~~) obtained in a level turn to compute a corresponding turn radius

(r).

The turn radius in a level turn can also be computed given the airspeed

and load fac tor ( n ) .  From Equation 3:

L
T _ 1 9W ~~~~~~~~

L
but  since = ‘~ thenW z

n = (10)
z cos -~

The above assumes tha t  the accelerometer reading “ is consistent with the

orientation of the L ,. vec tor. That is

a. Normal to the flight pa th

and

b.  Norma l to the airplane ‘
~
‘ axis.

Thus it can be seen that the load vector varies inversely as the cosine

of the  bank ang le. I t  should be noted here tha t the load fac tor is no t

what the p i lo t  reads o f f  the accelerome ter which is al igned with a body axis

of the airplane. For simplicity , it is assumed that it is aligned with the

chord line from which the true angle of attack is measured .
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aT~~~. FLIGH T PATH

Nc~~k~ t

FIG. 54-4

• N cockpi t
2hen : cos aT n

z

n n cos acockpit z T

bu t n 1
z cos ~

cos
therefore  n =

cock pi t cos ~

Equations S and 10 can now be combined and arran~ ed using the identit’~ 
1 

2

--  - cos
= sec2~ = 1 + tan

2
~ to give the following

2 ~ i/2 
(11

g ~~~ — I - -

This equat ion can now be used to compute the turn radius , oiven the true

airspeed and load f ac to r .
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An equation for turn rate can be determined from the turn radius equation

V = u R ( 12)

Wher e V = true airspeed (f e
) (l~)

= turn rate (rad/sec)

(See Figure SA—3)

R = turn radius — ft

Solving Equation 12 for ~ gives

V

and subs t i tu ting  E quation 11 into the above g ives

1’~’
~ (a 

- 1) (13)
w = v

or s u b s t i t u ti n g  Equat ion 8 into Ecuat icn  12 gIves

= -
~~ tar. 2 ( 14)
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5A—3. MANEUVERING PERFORMANCE TESTING

One of the most difficult areas in performance testing today is to

present useful data which can be used to compare one airplane against another

while in maneuvering f l i g h t .  The various f a c t o r s  which make this  so d i f f ic u l t

are these:

(1) Maneuvering f l i gh t can tak~ place in three dimensions while

accelerating or decelerating along the flight path.

(2) It is affected by aerodynamic consideration , engine performance

and structural limitations. (discussed later in this Section and Section 5—C .)

(3) The individual pilot technique used in maneuvering the airp lane

makes it difficult to get repeatable data from different pilots.

The necessary standardized data are gathered from flich t tests and are

used in conjunction with equations (11) and (13) to make plots of load factor

(n) , radius of turn and rate of turn versus true airspeed or Nach number.

Actual f l i ght  t es t  r e su l t s  fo r  the T3~ A aircraft are shown in Figure A—5.

It should be noted that the minimum radius of turn airspeed is not necessarily

the airspeed for maximum rate of turn .

There are three factors which will influence the characteristics of

these curves . They are the aerodynamic charac te r i s t i c s, the power c h a r a c t e r —

istics and the structural limitations of the particular airplane . The

aerodynamic and power factors are Inter—related throu~~. the lift and drag

characteristics of the particular airplane. If neither of these factors are

limitir~ then the curves will be limited by the structural characteristics

of the airplane. These characteristics will be discussed ~.n mcre detail In

Section 5—C.
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PRO BLENS

1. Given an airplane in a level turn and

KTAS = 300

n = 3
z

Find — a. Turn radius (R) in feet .

b . Turn ra te  in deg/sec.

2. An accelerometer is installed in an airp lane wi th  its sensitive axis

oriented as fol lows :

a. Normal to f l igh t path (when a = 10”) and

b. Normal to the airplane ’s v axis.

Assume that the only errors involved are due to the difference between the

orientation of actual accelerometer and the “ideal ’ accelerometer in the

derivation of Equation . How would the true turn radius compare to the

computed turn r ad ius7

a. Skidding turn (a T 
= 10°)

b. Slipping turn (a
T 

= 10°)

c. Normal turn (no side force)  but aT ~

3. A SSUTile that  bank angle ~ can be measured to with :1° (.99) of the true

~ and that a can be measured to within ±.lg (.99) of the true

Discuss which variable (~~ or n )  should be used to minimize the error

in the computed turn radius.

2 6 3
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UNIT 5B

INSTAN TANEOUS MANE UVE RABILI~~

5B—l PULL—UPS

The load f ac to r  (r. ) can be expressed as b e f o r e :

L
n = —

~~ Where n is the l oad factor (1)
z W z

measured no rma l t a  t h e  f~ i~zI~.t ~~th

and

is the to t a l  l i f t  on t h e  a ir a j n~

(also measured n ormal  to the  f l i a h ~

pa th

Note  tha t  the above expression is val id  for  an~: a ic e r a f t  a t t it u d e  ( i n . ’e rt e d ,

nose up or nose down at t i t u d e , e t c .)

The tota l  l if t  (L ) is made up of  the aerodynamic l i f t  (L ) and
T aero

the gross thrus t  l if t  ( L ) .

~T T ~~~~~~T~~~~aj
. .

FIG. 5 B 1
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Thus we have

• L = L  + L (2)
T aero g

L = L  + T sin cz.T aero g

or since L = C qs,aero L

L
T 

= C~~ s ± T
g 
sin (3)

Substituting the above equation into Equation (1) and expressing q as a

funct ion of Mach gives

P C  2 T
y a L M

nz 
= 

~~~ W/S sin a~ (4)

Aerodynamic Thrus t
L i f t  L i f t

If we assume for the moment that the thrust lift is much smaller than the

aerodynamic l i f t , then the above equation can be written as

P C

- 
y a ~L M

fl. , 2  W/S

The above equation illustrates that the load factor is dependent on the

following parame ters

n = f (h , M , CL, 
W/ S)
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5B—2 General Discussion and Trends

- . The above equation shows that for a given flight condition (h and N)

the parameters that determine the maximum load factor (n ) are
Z

a. C
Lmax

b . W/S — wing loading

Thus we see that  for  a given Mach number the designer can provide good

instantaneous turning performance (n ) by providing a hi gh C L
max max

and/or low wing loading (w/ S ) .

The peak of the C
L 

vs a curve is normally t houg ht  of as the CLmax

poin t, however there are other factors which sometimes cause the useable

C
L 

to be less than the peak . They are
max

° Insufficient aft control to “f ly ” the airplane at C
Lmax

° Severe buffet and/or degraded flying qualities at high angle

of attack

The n equation for a given C
L , wing loading and altitude , simp li—

max max
fied to

n (6)
max

where

CLmax
L 2  WIS a
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A sketch of the above equations gives (solid line)

// /
,
1 
/ / K2 Iz ~~~~~~ ~a

g ~~ INCREASED / I 2 W/S
E K — ..., ii
N

Z 
2 / / 

DECREAS ED

1 •  
K

0 , , I I I I

0 .4 .6 .8 1.0
MAC H
FIG. 5 8 2

We see tha t var ia t ions  in CL , N /S or ar o s su r e  a l t i t ude  s imply chanc es
max

the constant and alters the curved as indicated (dashed lines)

In the discussions above , we have assumed CL to be independent of
max

Mach . Actually C
L 

is a function of Mach and is i l l u s t r a t e d  below~
max

MACH 

5B-3 
I.’O

2 6 7
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The C
L 

= f(N) curve is typically constant in the low Mach range
max

M< .7 and then varies In the trarisonic range. Figures 5B—3 show a typical

C
Lmax for an airplane wi th thick wing section.

53—3 Vectored Thrust

So far the “thrust lift” term of the equation has been neglected. This

is probably a valid assumption for low thrust settings and/or low thrust line

angle of attack (a.) but obviously ca n be in error for opera tion at hi ch

thrust/a . . The sketch below illustrates the thrust effect for a thrust to
3

weight ratio CT 1w) of one and a • = 90° (similar to a Harrier with
g 3

nozzles deflected).

‘ 1
/ /
‘IT /

4 -  

~~
Sin aj :

,
1 /1~ inaj~c 2 

— 

~~~~ ~‘ I 5 M
2

0 . . , , , — — -—-,

0 
MACH .6 .8 1.0

FIG. SB -4

T
n = K ~.i + sin a .  (7)

Z .
~ 3

.68

•

~

-

~ 

-—- - •  ~~~~~

•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• -“ 
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where
C
L

K = 1 P N2 max
2 a ’ N/S

Figures 5B—5 and 5B—6 illustrate the effects of “vectored thrust” case on the

turn radius Cr) and rate (u). (The level turn equation was used to convert

the load factor/velocity variations to turn radius and rate.) Examining the

results we see that in general the largest gain in performance (turn rate and

radius) occur at the loswet speeds. An alternate method of obtaining improved

turning performance (2.n ) would be to increase the useable C
L 

of the
max

airplane. The effectiveness of an increase in CL on the is shown
max max

below

q (8)

Ne see that the “e f f e c t i v en e s s ” of a CL increase (2.C
L

) to produce an

increase in maneuvering performance 
~~~~~ 

is de termined by the term —

max
q /W/ S • Thus at hi gh q (airspeed) and for low wing loadings (W/S) a given

change in CL will be very e f f e c t i v e  in producing an increased load fac tor

capabili ty (Th ~) . Conversely at low q and hi gh wing loading a given in—
max

crease in C
L 

is not too effective in increasing the load factor. (See
max

problem 3.c)

It is important to realize that in the above analysis only one aspect of

turning performance (max load f a c t o r )  has been considered. Cbviouslv as thrust

is deflected to get more lift the thrust component along the flight path will

be decreased which will cause high deceleration and/or rate of descent . This

second aspect (Energy Rate) will be considered later.

2 q 



4 
- _ _ _ _  _ _ _ _  _ _ _ _

Li~ 
~~~~

, _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  --___

0 i2 sin a =0.‘ •.. _ _w_ _ _. 
-
~~~----~,

2

0 
0 .2 . .4 MAC H 6 .8 1.0

FI G. SB -5

30 3

20

sin I -~~~~~~~~~~~~~~~~~~~ . =0

: 

i: 

~~~~~~~ 2 . 4  .6 1.0
MACH

FIG. 5 B 6

2 7 0



How much - f  an •.~-rov~ ment (percent increase or decrease) in n
max

~ou~ d you expect fo r

a. a lP~ decrease  in gross wei ght

b .  in c r e a s i n g  Ma ch f rom .4 to .6

c. increasing pressure altitude from 5000 to 23,000 ft

d .  i n c re a s i nc  C T by l0~max

2. Given an a i rp l ane  at  the fo 1 . cwing t e s t  condi t ions

N = .7
t

S = 200 ft 2

h = 12 , 000 f t
Pt

T = 1 2 °C
a
t

N = 12 ,000 lbs
t

n = 6 n dictated by “excessive” wing rockz z -
max max

a. Estimate C
Lmax

b . Estimate the n for the same de-;ree of wing rock for
max

(1) same Mach and pressure altitude but for standard dcv

conditions (W = 10.000 lb , T = — 9° C
S 

- a
5

(2) same Mach but  for  s tandard  day ccnditions at

h = 15,000 ft (N = lfl ,000 ib)
p 5

(3) N = .S5 , h = 15 ,000 , T = - 17~ C , N = 10 ,000 lb
p a S
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c. List the assumptions involved in making the estimates in 2(a), 2(b)

and discuss limitations of these assumptions .

d. Assume n in the test was defined by fu l l  af t stick vice wing
Z

rock. Discuss addit ional l imi ta t ions  (assumpt ions)  involved in

making the est imate of par ts  2 (a )  and 2 (b ) .

3. Given an airp lane wi th  the fol lowing charac ter i s t ics

C
L 

= 1.0
max

W = 12 ,000 lb

S = 200 ft2

T = 10 ,000 lbg

0 .
3

— - 0— — D Ca

a. What is the n at N .6 and h = 10,000 ft?a pmax
b . Estimate the instantaneous level turn rate and radius?

c. What is the and corresponding t~ ra ra te  and radius when the
max

CL is increased to ~0° ?

d. How much would CL have to be increased to get the same “numbers ”
max

as obtained in part (c)?

e. What are some o ther  considerat ions involved in dec idint  which method

(vectored thrust or C
L increase) to use to increase ins tan taneous
max

maneuver ing per formance .



— —

4. Shown that  for  the C
L boundary
max

• Assume:

Case 1 

T
= }cd’ -4- 1 Case 2 (vectored thrus t — —

~~~ sin a . = 1)z W

v~~
a. Lim R = —~— for  Case 1 and 2gk

and

b . Lim (~~) = -
~~~~~ 57 .3 for Case 1 and 2
a

and 
- 

1/2
5 . 3 b 2 ~~c. Lim u = for  Case

a

where

CL P
K — max ‘ a

2 [N / S]

d . ~Thmo are  tac  above resul ts  w i t a  Figures 5B—5 and 53—6. (K 15 f o r

Fi gures 5B—5 and 5B—6.

2 7 3
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AN SW~~S

l.a. (9)—l or +117 Change

~.b. (.61. 4)
2 or +1257 Thange

l . c .  623K~~~5K 1/2 or —507 Change

l.d. 1.1 or +107 Change

2.a. C
L 

.780
max

2 .b .( l )  n = 7 .2
z
max

2.b.(2) n
~ 

= 6.389
max

2.b. (3) n = 9..21
Z
max

2.c. 2.a no thrust lift

2 . b .( l)  -- CT c, no th r ’ i st  lift
max

2.b.(2) C, (n R effect) No thrust lift

2.b.(3) CL 
= (no R e f f e c t , no N e f f e c t)  ~ o thrust lift

max

3. a. ~ .l12

3.b .  = 17.2 °/sec

R = 2150 f t

3.c. n = 6 .9~ 5
z

W = 19.6 °/sec

R 1S86 ft

‘.d. •t C, = .1363
L
~nax 

I .
_
~~~~~~~~~:~~~ - ;:~
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4. The derivation of (a) follows :

____________ 
-

R = 2 1/2 
( rt )

g(n — 1)

and

n K N for  Case 1
z

and

f o r  Case 2

add i t i ona l l y ,

= M
a

Thus sub st it ~’t i n O  the express ion  fo r  a and V into the R equation gives

2
a N

2 4
g(K~ N — 1)

and t ak ing  the  l imi t  of ~ as ~-k- -~ aives

V
a

Liro R =

I 

— ——
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5B—4 SUSTAINED TURNING PERF OR~MANCE

Consider now the sustained turning performance of the airplane. The

main objectives of the investigation is to determine what the typical

sustained turning performance boundary looks like and how it changes with

various factors.

DEVELOPMENT OF EOCATIO~ S

Consider the airplane in an “a~~:o st ” level turm . The forces  ac t ing  on

the airplane as viewed from the center of the turn and at the same a l t i tude

are i l lustrated below

LLaero Cos~

_ _ _ _ _ _  

~~~~~~~~~ 

— .  ~i1oriz on~

FIG. 5B-7

If the conEi~uration weight and altitude 
of the airp lane are fixed .ond addi—

tionall the “low speed” assump tion is made , the above drag equation can be

expressed as follows

D “1 ~T 
+ 

~~ 
‘T 

(13)

2 7 6



Where T’ is the thrust component along the flight path and is

T’ = T  cos a . — T
g j  R

And T is the thrust component along the lift axis (as viewed from thc-

center of the turn) and is

T = [T sin a .] cos
V g 3

Sutmning the forces along the flight path gives

N d v  din dv
= — — assumes v — —

fp  g cit dt dt

T ’ — D — N sin 1’ = 
~~ 

(9)
g ( it

The f l igh t path ang le  (~~ ) is related to dh/dt and v as indicated below

d h / d tsin~~~~

Substituting the above into Equation (9~ and simplif”ing gives

T ’ — D d ~~ dt~~~~d~~ dt (10)
g 0

For the ideal sus tained level turn

= 0 NOTE : Later the dv,’dt and dh/dt

• and * terms will be picked up to Illus—

dh 0 trate the effect of non—stabiliza—

~ 0 , dh /d t  ~ C on the f l igh t

*A more general d e f i ni t i o n  of a
4 sustaIned term dE

~n
/dt = 0 test data.
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and thus the required conditions for the sustained turn are

w ( 1 )

or simply

T ’ =

We are normally interested in the max imu m turning capabi l i t1  of the

airplane thus T ’ Is based on the fu l l  thrust  case (either 1ST or

The objec tive now is to see how tightly the airp lane can turn ~:hat a

level can be obtained] for  a given set of conditions . In order to do this

we must determine how the drag (D ) varied wi th  -

5 8—5 SUSTAIYED TVRN pERF op~L.~:-:cE (PARASOL IC DP~\C POL~R)

If we assume a parabolic  drag polar  the drag equation becomes

(1..,. — T sin ~~, )

D C  q s ~~- --—~- ~ •i• _ (12)DO

where L — T sin a . = L
T g j  aero

substituting ~L = 
~~~~~ ] 

into Lcuation (12) gives

I / 2
T~ — T  sin s .

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~)

As suming tha t  the thrus t  l i f t  is negl igible  g ives

D = CDO q ~ 
(~ e~~~

’
s q)

2

278
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I

where

CDO pa sK1
- 2

and

K = 
2W

2 ‘eARs g
a

Note that the effect of n on the drag equation are equivalen: to  the wej~~nt

ef fec ts on the level f l ight equation. For example , do ubl ing  the load fac tor

at a given weight produces the same drag equation as doubling the v e f g h t a t

the given load factor. Thus the drag equation can be easily sketched usinn

the same rules as developed for weight changes on the level fligh t drag

equation. Figure 58—8 (A) illustrates the effects r on the drag equa t ion .

27~



1000- — _____ —-.  -

~~ 

- ~~~Wi~ 1.0,000
- H- --~~~~~~0~~~~7

0 
-— 

I 
I

I0~O 200 300 
v F /SEC 

500 600 700

FIJ . SB-8 (A )

z __________ 
_~~~: :  . ::~~: 

- 
- 

- 
- 

-

I— ‘
~~ 

____ ___ ___ ____ - ___ ___ ___
~~~~_ _  _________ ___

I - •

— — - - -- — — 4 - —_______

O [ i :  -
- 

I -

~~~
- P_ - -

~~_± 
- -- - - -- - -

~~~~~ 

—

~~~~~~-‘ 2 ___ 
• 

___ —— —-- —-- H • 
-~~~ 

0~~

_ i

~~ 

-
~_L:

I 
H----- --J - -

100 200 300 400 500 600 700
VT FT/ SEC

FIG. 58 8(B)



The followIng problem will illustrate how the sustained turn bcur.d:ry is

— related to the airplanes ’ thrust and drag  and l i f t  cha rac t e r i s tIc s .

Given the airplane [Figure 5B—8( A ) ] delivers 3000 pounds of thrus t along

the flight path . That is

T ’ = 3000 lbs

1. Sketch this thrus t level on the drag curve [Figure 5B—8 ]

2.  Pick a v e l o c i t y  (say V
T 

= ~~~ Eps) and

3. Estimate how many g’s this airplane can pull in level flight (T ’ = D)

• 4 .  Plo t his a on the lower grid [Figure 53—8(B)]

It should be apparent that for the above example the airalnr.e can sustain

-~3.4 g
’s. Any more g ’s and the drag would be greater than the thrust and the

airplane would descend according to Kquation 16.

T’ — D dh/dt . dv
= Assuming 0

Likewise any less than 3.~ g’s and T’ would be greater than the D and

the airplane would climb .

5. The above problem should be worked for other V
T 

and the a 
~~
v
T
)

curve sketched . Assume that  C~ is s u f f i c i e n t ly  high to be out of the
max

pictur e (C
Lmax 

= =, if you l ike) .

The next task is to illustrate how a CL l imit  would toodifv the =

max

curve .

6. Assume C
L 

is represented by the C1 
line shown in Figure 5B—S.

max

28 .
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7. Determine corresponding t
a 

— V
T values along the C

L 
boundary  and

max
plot these values on figure 5B—8.

Note that on the portion of the = F(V
T
) curve where is determined

by the CL l imit  (do t t ed  line in sketch below) tha t  T ’ > D ,
max

RUST

,,/
7i~
’CLmox LIMIT

VT
F IG. 5B-9

This means that at full thrust the airp lane will climb any given V
T

It  also implies tha t  in order to maintain level flight at any given speed

along this boundary the engine thrus t must be reduced.

The final step is to consider a structural limit. Fot our example assume

a = 3 . Sketch this limit on the i~ 
= f ( V ~ ) curve .

max

We have now developed a r e l a t ive  complete = 

~~~~~ 
example that

i l lus t ra tes  the three corsnon l imi t s  (CL ,  a and T’ = 0) on the

level t u r n .

2 8 2
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PROBLEM

Illustrate how the sustained a f(M) curve would vary with

a. An increase in weight

b . C +
D0

c. Increase hp

d. C0 
= f (M)

0

2 8 3
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UNIT 5C

TACTICAL PERFOR NAN CE

SC—i Operating Limits

Many tactical maneuvers require the use of the maximum turning c a p a b i l i ty

of the airp lane . The maximum turn ing  capab i l i ty  of an airplane ‘oil be defined

by three f a c t o r s :

(1) Maximum lift curability . The combinat ion of maximum lift coefficient ,

CT , and win g  l oad ing ,  N/s , will define the ability of tie airplane to

- 

• 
develop aerodynamically the load factors of maneuvering fligh t.

(2) Operating strength linits will define the upper limits of maneuverinu

icad f ac to r s  which  will not damage the prindrv s t r uc t u r e  of the  a i r p l a n e .

These limits mus t not be exceeded in normal operations because of the  poss ib i—

lity of structural damage or failure.

(3) Thrust or power limits will define the ability of the airplane to

turn  at constant altitude. Tne limiting crndit:on would allow Increased long

factor and induced drag until the drag equals the max imum thrus t ava i l ab l e

from the powerp lan t .  f u c h  a case would produce  the  max ioum t u r n i n g  c u n a h i l i t ~

for maintaining constant altitude . The first illustration of figure f C — i

shows how the aerodynamic and structural limits define the maximu m tu r n i n g

pe r fo rmance .  The aerodynamic limit describes the minimum turn  radius availa-

ble to the airplane when operated at C1 . When the airplane is at the

stall speed in level fligh t , all the lift is necessary to sustain the aircraft

in fligh t and none is available to produce a steady turn . Hence , the turn

radius at the  s t a l l  speed is i n f in i t e .  As speed is increased above the s t a l l
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speed , the airplane at C
L is able to develop lift greater than weight and

MAX

produce a finite turn radius . For example, at a speed twice the stall speed ,

the airplane at C is able to develop a load factor of four and utilizeL\~~
a bank angle of 75 .5 ° (cos 7 5 .5 °  = 0.25). Continued increase in speed increases

the load fac tor  and bank ang le which is available aerodynamically bu t , becaus e

of the increase in velocity and the basic effect on turn radius, the turn

radius approaches an absolute minimum value . h”nen C is un a f f ected b

velocity, the aerodynamic minimum turn radius approaches this absolute value

which is a function of C
L , N/s , and c . Actually , the one coimnon

MAX V

denominator of aerodvm~amic turning performance is the wing level stall speed.

INCREASING CONSTANTP
i BANK ANGLE BANK ANG~~~~

TURN AERO STRUCTURAL X<S
RADIUS c 

I.
~
X
A

LIMIT 

~FT w i p~~0. f i X  Z W  /
0, 1/

- . VELOCITY (TAS) KTS
FIG. 5C- I
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The aerod y n a m i c — l i m i t — o f — t u r n — r a d i u s  requires  t ha t  the increased velocity

be utilized to produce increasing load fa ctors and greater angles of bank .

Obviously , very high speeds will requi re  very hig h load f a c t o r s  and the abso-

lute aerodynamic minimum turn radius will require an infinite load factor .

Increasing speed above the stall speed will eventually produce the limit load

factor and continued increase in speed above this point will require that load

fac tor and bank angle be limited to prevent structural damage . Nhen the load

fac tor and banh ang le are held constant at the structural limit , the turn

radius varies as the square of the velocity and increases rapidly above the

aerodynamic limit. The intersection of the aerodynamic limit and structural

limit lines is the “maneuver speed ’. The maneuver speed is the minimum sp eed

necessary to develop aerodynamically the limit load factor and it produces the

minimum turn radius within aerodynamic and structural limitations . At sreed~

less than the mane uver speed, the limit load factor is not available aero—

dynamically and turning performance is aerodynamically limited. At sgeeds

greater than the maneuver speed , C1 and maximum aerod namic load factor

are not available and t u r n i n g  per formance  is s t ructu ra ll ’ :  l im i t ed .  ‘Then the

stall speed and limit load factor are ~nc~~ for a part icular configuration .

the maneuver speed is related by the following expression :

v = v r~~~~
g ( 1)

p s v  l imit

where

V = maneuver speed , hnots

V = s tall speed , knots

n = l~ nit load factorl imit

2 8 d
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For example , an airp lane u-ith a limi t load factor of 4.0 would have a maneuver

speed which is twice the stall speed.

The aerodynamic limit line of the first illustration of figure SC—1 is

typical of an airplane with a C1 which is invariant with speed. While

th is  is applicable for  the majoric v of subsonic airp lanes , cons iderable

d i f fe rence  woul d be typ ical of the transonic or supersonic airplane at alti-

tude. Compressibility effects and changes in longitudinal control power may

produ ce a max imum available C
L which varies with velocity and an aerodynamic

turn radius wh i ch  is not an absolute minimum at the ma::imlmm of -.e l ocit..

The Figure 5C—2 describes the constant altitude turning performance of

an airplane.  Vhen an airp lane is at hi gh altitude , the turning performance

at the hIgh speed end of the fli ght speed range is more usually thrus t limited

rather than structurall’: lImited. In flight at constant altitude , the thrust

must equa l the drag to maintain equ i l ib r ium and , thus , the c o n s t a n t  a l t i t u d e

turn radius is infinite at the maximum level f l i ght  speed. An’~’ bank or turn

at maximum level flig h t speed would incur additional drag and cause the air-

plane to descend . However , as speed is reduced heiTv the maximum level flight

speed , parasite drag reduces and allows increased load factor s and h a m b  amb les

and reduced radius of turn , i.e., decrea sed parasite drac allows Increased

induced drag to accormaodate turns v i t h i n  the maximum t h r u s t  avai lable .  Thus ,

the considerations of constan t ~ltitude will increase the minimum turn radius

above the aerodynamic limit and define a p a r t i c u l a r  airspeed for m~nimun turn

radius.

Each of the three limitino factors (aerodynamic , stru:tural , and rcwer~

ma : combine to define the  turning ncr~ ormance of an a i r pl i n e . ~~-n er a I 1 v ,

2 8 7
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aerodynamic and structural limits predominate at low altitude while aero-

dynamic and power limits predominate at high altitude. The knowledge of this

turning performance is particularly necessary for effective operation of

fighter and interceptor types of airplanes.

CONSTANT ALTITUDE
TURNING PERFORMANCE

I NC. BANK DE~ BAN<
~~ ANGLE ANGLE

TURN
RADIUS

THRUST OR
FT ‘/A POWER LIMT k~‘/A (TSDY\ ~

> \

LIMIT 
_ _ _ _

V~ LOGITY (TAS) KTS
FIG. 5C-2
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5C—2 The V—n Diagram

The operating flight strength limitations of an airplane are presented

in the form of a V—n diagram. This chart usually is included in the aircraft

flight handbook in the section dealing with operating limitations . A typical

V—n diagram is shown in figures 5C—3 , and is intended to present the most

important general features of such a diagram and does not necessarily repre-

sent the characteristics of any particular airplane. Each airplane type has

its own particular V—ri diagram with specific V t s and n’s.

W a 16 ,000 LBS
SEA L EVEL

12 - CLEAN CONFIGURATION 
~~ 

/ULTIMATE LOAD FACTQ~II .  . /
10. /
9. /• 
8- 75 / POSITIVE LIMIT LOADFACTOR
7

LOAD 6.
FACTOR 5- STALL

N 4. REGION LIMIT
3. AIRSPEED

2 S75 KTS 

INDICATED AIRSPEED- KTS0 
~~~~~~~~~~~ 200 300 460 500 ~00

:~: ~~~~~~~~~~~~~~~~~~ NEGATIVE LIMIT LOAD FACTOR 
—

:~ REGION _4~~’~~~EGATIVE ULTIMATE LOAD FACTOR

FIG. 5C- 3
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The flight operating strength of an airplane is presented on a graph

whose horizontal scale is airspeed (V) and vertical scale is load factor (n).

The presentation of the airplane strength is contingent on four factors being

known: (1) the aircraft gross weight, (2) the configuration of the aircraft

(clean, external stores, flaps and landing gear position , etc.), (3) symmetry

of loading (since a rolling pullout at high speed can reduce the structural

limits to approximately two—thirds of the synmietrical load limits) and (4) the

applicable altitude. A change in any one of these four factors can cause

important changes in operating limits.

• For the airplane shown, the positive limit load factor is 7.5 and the

positive ultimate load factor is 11.25 (7.5 x 1.5). The 1.5 factor represents

an established standard as stated in military specifications and contract

• negotiations . For negative lift flight conditions the negative limit load

factor is 3.0 and the negative ultimate load factor is 4.5 (3.0 x 1.5). The

limit airpseed is stated as 575 knots while the wing level stall speed is

approximately 100 knots.

Figure 5C—4 provides supplementary information to illustrate the signi—

ficance of the V—n diagram of figure 5C—3. The lines of maximum lift

capability are the first points of importance on the V—ri diagram . The sub-

ject aircraft is capable of developing no more than one positive “g” at 100

knots, the wing level stall speed of the airplane. Since the maximum load

factor varies with the square of the airspeed , the maximum positive lift

capability of this airplane is 4 “g” at 200 knots, 9 g at 300 knots, 16 g at

400 knots, etc. Any load factor above this line is unavailable aerodynamically,

i.e., the subject airplane cannot fly above the line of maximum lift
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-• _______________

capability. Essentially the same situation exists for negative lift flight

with the exception that the speed necessary to produce a given negative load

factor is higher than that to produce the same positive load factor. Generally,

the negative C is less than the positive CL 
and the airplane may

LMAX MAX
lack sufficient control power to maneuver in this direction.

J
STR
,~

CTURAL FAILURE
Ia. 

II 25 —
• IC \STRUCTURAL DAMAGE

8. (A)
H UNAVAILABLE /6 LI FT AREA / ~~~RE~

LOAD THE . 0

N ENVELOPE / DAMAGE
H 2 

. / \  ~~ FAH URE
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O 
2Ô0 300 4ô0 500

2 UNAVALABLE 
- 

(B) NEG. L I MIT S
UFT AREA 3.0 

\ STRUCTURAL DAMAGE AREA ~4 .45 \ \N~G Ytj T>\,~\\,’> ’> \\\  
—

• STRUCTURAL FAILURE ii
/ ‘//AREA / / / // ~~/‘l~

FIG. 5C 4
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If the subject airplane is flown at a positive ~~~~ fact.-’r greater than

the positive limit load factor of 7.5, structural ~aaage will l-e ro~ sible .

When the airplane is operated in this region, obje~ tionable permanent del or-

mation of the primary structure may take place and ~i high r.~te

• damage is incurred.

Operation above the limit load factor must be avoided 1;; nor~ i1 ~!;~erat~ on.

If conditions of extreme emergency require load factors above the linit to

prevent an immediate disaster, the airplane should be capable of w i t  t inh~~r.~’

the ultimate load factor without failure. The same situation exists in

negative lift flight with the exception that the limit and ultimate load

• factors are of smaller magnitude and the negative limit load factor may not

be the same value at all airspeeds. At speeds above the maximum level flight

airspeed the negative limit load factor may be of smaller magnitude .

The limit airspeed (or redline speed) is a design reference point for

the airplane — the subject airplane is limited to 575 knots . If flight is

attempted beyond the limit airspeed structural damage or structural failure

may result from a variety of phenomena.

A reasonable accounting of these items is required during the design of

an airplane to prevent such occurrences in the required operating regions .

The limit airspeed of an airplane may be any value between terminal d ive

speed and 1.2 times the maximum level flight speed depending on the aIrcraft

type and mission requirement. Whatever the resulting limit airspeed happens

• to be, it deserves due respect.

Thus, the airplane in flight is limited to a regime of airspeeds 4nd

g’s which do not exceed the limit (or redline) speed , do not exceed the Uni t
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load fac tor , and cannot exceed the maximum lift capability. The airplane

must be operated within this “envelope” to prevent structural damage and en-

sure that the anticipated service lift of the airplane is obtained. The

• pilot must appreciate the V—n diagram as describing the allowable combination

of airspeeds and load factors for safe operation. Any maneuver, gust, or gust

plus maneuver outside the structural envelope can cause structural damage and

effectively shorten the service life of the airplane.

There are two points of great importance on the V—n diagram of figure

5C—4. Point B is the intersection of the negative limit load factor arid line

• of maximum negative lift capability. Any airspeed greater than point B provides

a negative lift capability sufficient to damage the airplane; any airspeed less

• than point B does not provide negative lift capability sufficient to damage

the airplane from excessive flight loads. Point A is the intersection of the

positive limit load factor and the line of maximum positive lift capability .

The airspeed at this point is the minimum airspeed at which the limi t load

can be developed aerodynamically . Any airspeed greater than point A provides

a positive lift capability sufficient to damage the airplane; any airspeed

less than point A does not provide positive lift capability sufficierit to

cause damage from excessive flight loads. The usual term given to the speed

at point A is the “maneuver speed”, since consideration of subae~ic aerodyna—

mics would predict minimum usable turn radius to occur at this condition.

The maneuver speed is a valuable reference point since an airplane operating

below this point cannot produce a damaging positive flight load. Any conibina—

tion of maneuver and gust cannot create damage due to excess airload when the

airplane is below the maneuver speed.
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• The maneuver speed can be computed from equation 1. Of course, the stall

speed and limit load factor must be appropriate for the airplane gross weight.

One notable fact is that this speed, once properly computed, remains a constant

value if no significant change takes place in the spanwise weight distribution.

The maneuver speed of the subject aircraft of figure 5C—4 would be

V = 100 [7.5
p

= 274 knots

It is to be noted that the V—n Diagram is generally not symmetrical about

the n = I axis due to the differences in the positive and negative limiting

load factors, and the fact that stall generally occurs at a different velocity

for positive and negative accelerations.

Military Specification MIL—F—8785B, “Flying Qualities for Piloted Aircraft”,

defines three flight envelopes as follows:

Operational — “. . .speed, altitude and load factor at which the airplane

must be capable of operating in order to accomplish the missions . ..“

Service — “...speed, altitude and normal acceleration derived from airplane

limits as distinguished from mission requirements.”

Permissible “. . .all regions in which operation of the airplane is both

allowable and possible... Stalls, spins, zooms and some dives may be represen-

tative of such conditions.”

Figure 5C—5 depicts typica~’. Operational and Service flight envelopes on

a V—n Diagram.
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SUPPLE~~NTARY PROBLEMS

UNIT 5

An aircraft has the following characteristics:

W = 35,000 lb ~~~~ = 1.7

S = 530 ft2 n~ =

1. At an altitude of 30,000 feet, what is the coordinat2d level turning

radius of this aircraft at a velocity of 350 knots TAS?

2. What is the coordinated level turning radius of this aircraft at 3O ,0~)O

feet at a velocity of 520 knots?

3. Draw a V—n diagram for this aircraft (positive loads only) from VS
to V = 600 knots .

4. What is the maximum angle of bank for this aircraft at 30,000 feet in

a level turn of constant velocity?

5. What is the maximum rate of turn for this aircraft at an altitude of

30,000 feet and a velocity of 485 knots?
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SUPPLE~~ NTARY PROBLEMS
SOLUTION SI€ET

UNIT 5

1. In order to determine the turn radius , one must first

of all ascertain whether the aircraft is aerodynamically

limited or structurally limited. To do this , one must

calculate the Maneuver Speed , which is , in turn, a function

of the Stall Speed . If the air speed in question is less
than the Maneuver Speed , the aircraft is aerodynamically

limited (CL)~~~x . If the aircraft is flying faster than the
Maneuver Speed , it is structurally limited 

~~Z~ MAX
The stall speed is determined from the lift equation

at CL =

v - W x 2 ½ - 35 ,000 x 2 ½
s - (CL\~~X ~ 

s~ 
- 

~1.7 x 0.0023769 x 0.3741 x 530~

V~ 295.6 ft/sec 175 knots

Inasmuch as the Maneuver Speed is the Stall Speed
times the square root of the load fac tor ,

V~ = V~ x (n2)2 = 175 x (7.5)~ — 479 knots

If the aircraft is flying at 450 knot s , its air speed is
less than the Maneuver Speed , and the aircraft is aerodynamically

(CL)
~~~x 

limited. Its actual load factor (which must be less

than n2) is determined by

n 
L 

= 
1.7 x ½ x (0.0023769 x 0. 3741) X 530 X (350x1 .68894)2

~ W 35,000

n = 4 .0
2

Since 0 cos~~ ~~~
. = cos~~ I = 7 5 5 0

2

from Eq. (8), 5-A

R = 
V2 1 

= 
(350 x 1.68894)2 1

g tan 0 32.2 tan 75.5°

P = 2 , 806 fee t

I
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SUPPLEMENTA RY PR OBL EMS

SOLUTION SI-~~ET

UNIT 5
(Cont )

2. From the solution to Problem 1 it may be seen that at a

velocity of 520 knots, the aircraft is structurally limited

in a level turn. The angle of bank is therefore determined

by the load factor , n2.

-11 — 1 ]. a
0 = cos — = cos — 82.3

nz 7.5

and the turning radiu a is

= 
(520 x l.ó8894)2 1

32.2 tan 82.3°

R = 1467 feet

3. Several points are known from the solution of Problem 1.

At V~ 175 knots , n2 1.0 ( b y  d e f i n i t i o n )

at V 350 knots , n~,. 4 .0

at V
P 

= 479 kno t s , n 2 = .5

at V 479 kno t s , ~~ = n~ 7.5

8
7
6
5 • /

V /
nz

0 100 2~ 0 3~O 400 500 660

V knots

Note: From the equat ion

n W = L = C L ½ V2 S

along the aerodynamic limit line (C = CL ) ,  x?2 j~
MAN

proportional to ri .,. .

Since Vç is at n7 
- 1.0 , 2 x V5 (350 knots) is at

fl
2 

= 22 4, et cetera.
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SUPPLE~~~NTAR Y PROBLEMS

SOLUTION SHEET

UNIT 5

(Cont )

4. The maximum angle of bank sustained in a level turn

occurs at the limit load factor (n2 = 
~L
)
~ 

For 7.5

-1 1 0
0MAN = cos ~~~

—
~~

- 82.3

5. From Eq, (14), 5-A , the Rate of Turn is given by

= ~~~
. t an  0 Radians / second

for a ve loc i ty  of 485 kno t s , the  maximu m angle of bank , as

shown in Pr oblem 4 , is 8 2 . 30 . The t u r n  r a t e  ( i n  degrees

per second)  is t h e r e fo r e

= 
32.2 t a n  8 2 .3 ° x 57 .3  ° ‘Radian

(485 x 1.68894 )

16.7° ‘second
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AE 2306

PERFORNANCE II

Unit  6 — Take—off Performance , Landing Per fo rman ce

OBJECTIVES

As a result o f you r work in this Unit , you should be able to:

1. Draw a diagram for take—off and landing for an a i r c ra f t  with uniformly

accelerated motion. (Thrust , Drag, Fr iction, e t c .) .

2. State the e f f ec t  of wei ght changes on take—off distance and take—off

velocity fo r an aircraft with uniformly accelerated motion.

3. Explain why a headwind decreases take—off  or land ing dis tance less

than a tailwind of the same velocity increases these distances.

L4~ State the e f f e c t  of decreased density on take—off  d is tance for  the case

where (a) the density change does not reduce accelerat ion , and (b)

the case where density reduces accelerat ion.

5. Explain which portion of the landing rollout is most affected by aero-

dynamic brak ing  and which portion is rr.cst affected by wheel braking .

6. Explain why a premature rotation may increase take—off distance.

7. Given the average aerodynamic drag, the average roll ing f r iction,
the thrust , the weight and the take—off velocity, determine the take—off

distance.

8. Determine the e f f e c t of reduced braking f r ic t ion c o e f f i c i e n t  (due to

icing, wet runway , et cete ra) on landing distance.
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PERFO RNANCE II

Unit 6

Procedures

1. Read Sections 6—A and 6—B.

2 . Memorize Equations ( 1),  (10) , (13) and (14) in Section 6—A.

3. Review the Statement of Objectives.

4. Answer the Stud ’, Questions.

5. Review the resource mater ia l  as necessary , based on your d if f i c u l ty
with the Study Questions .

When you are ready , ask fo r the wr i t ten  test on this Unit .  This test

will  be Closed Book.
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AE 2306

PERFORMANCE II

Uni t 6

STUDY QUESTIONS

1. An a i rcraf t  has the following characterist ics:
W = 30,000 lb VTO 1.15 V

s
C
L 

= 1.1 (in ground effect)
MA.X

S = 450 ft h = Sea Level

The “average” acce lerating force (computed at 0.707 V
TO

) is 10 ,130 lbs.
What is the ground run take—off  distance for this a i r c r a f t ?

2. An a i r c ra f t  has a normal touchdown velocity of 100 kts.  A “hot p ilot ”
touches down at a speed of 120 kts .  How much more kinetic energy has
he required the brakes to handle?

3. Wha t is the increase in take—off velocity required and the increase in

t ake—off distance if the weight is increased 20 pe r cent (no change in

net  acceleration force) ?

‘
. If the drag of a decelleration chute is a di rect  funct ion of the

dynamic pressure , wha t is the e f f e c t  of “popping” the chute one—hal f

way down the runway as compared wi th  “popping ” i t  immediately a f t e r

touchdown?

• 5. If maximum wheel braking is to be used , what should be done wi th .  the
• • flaps after touchdown?

6. What is the e f f ec t  of a 20 pe r cent headwind on take—off  distance?

7. Provided that you can maintain directional control, what would be the

effect of taking off on a runway covered with glaze ice?
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PERFORMANCE II
Unit 6

STUDY QUESTIONS

1. F =m a =~~~ a l O ,l30 1b
g

a = x 10,130 ft/sec2 = 10.9 ft/sec2

(p s
2
c~ 

)
~ (o.oo 2~ 7~ 

~~~~~~~ = 2Q5.8 ft/sec

max

= ‘~-~- = _______________ = 3100 ft

2.  ~~K E 2  1 2 2 ~~ 
— (-~~m V

1
2
) V~

2 
—~V1

2 

~i4 ~1 ~- m V
1 

V
1 

V
1

(P0~~
~~~~~~~~ 

= - 

2 
— 1 = .189 or 18.9% increase

(110)

3. V = f (W) if W
2 

= 1.20 W1 , 
~~
, = 1.10 V

1 
10% increase

• S = f (V)~ = f (W) .. S, = 1.10 S
1 

20% increase

4. S = f(V2)

= 

~~~therefore q = f (S)

Hal fway down the runway the dynamic pressure is 1/2

5. 
:se 

the flaps (reduce ,lift) to put more weight on the wheels.

6. ~~~~~ 
= (1— ~~ )2  = (1 — = O. S. O.6~ 36~ decrease

1 1

7. Shorter takeoff due to reduction ~f roll ing friction.
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Unit 6-A

Takeoff Performance

6A—l. INTRODUCTION

Takeoff and landing performance is a condition of accelerated motion .

For instance , during takeoff the airplane starts at zero velocity and accele-

rates to the takeoff velocity to become airborne . During landing, the airplane

touches down at the landing speed and decelerates (or accelerates negatively)

to the zero velocity of the stop. In fact, the landing performance could be

considered as a takeoff in reverse for purposes of study . In either case,

takeoff or landing, the airplane is accelerated between zero velocity and the

takeoff or landing velocity. The important factors of takeoff or landing

performance are:

(1) The takeoff or landing velocity which will generally be a function

of the stall speed or minimum flying speed e.g., 15 percent above the stall

speed .

( 2) The acceleration during the takeoff  or landing roil which varies

directly wi th the unbalance of force and inversely as the mass of the objec t .

(3) The takeoff or landing roll distance which is a funct ion of both

the acceleration and velocity .

In the actual case, the takeoff and landing distance is related to

velocity and acceleration in a very complex fashion. The main source of the

complexity is that the forces acting on the airplane during the takeoff or

landing roll are difficult to define with simple relationships. Since the

acceleration is a function of these forces, the acceleration is difficult to

define in a simple fashion and it is a principal variable affecting distance .

However , some simplification can be made to study the basic relationship of

acceleration , velocity, and distance . While the acceleration is not
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necessarily constant or uniform throughout the takeoff or landing roll, the

assumption of uniformly accelerated motion will facilitate study of the princi—

• pal variables affecting takeoff and landing distance.

From basic physics, the relationship of velocity, acceleration, and

distance for uniformly accelerated motion is defined by the following equation:

2
S .  (1)

where

• S = acceleration distance, ft.

V = final velocity, ft. per sec., (after accelerating uniformly from

zero velocity)

a = acceleration , ft. per sec.

This equation could relate the takeoff distance in terms of the takeoff

velocity and acceleration when the airplane is accelerated uniformly from zero

velocity to the final takeoff velocity. Also, this expression could relate

the landing distance in terms of the landing velocity and deceleration when

the airplane is accelerated (negatively) from the landing velocity to a corn—

plete stop. It is important to note that the distance varies directly as the

square of the velocity and inversely as the acceleration.

As an example of this relationship , assume that during takeoff an

airplane is accelerated uniformly from zero velocity to a takeoff velocity

of 150 knots (253.5 ft. per sec.) with an acceleration of 6.434 ft. per sec.2

(or, O.2g, since g = 32.17 ft. per sec.2). The takeoff distance would be:
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S = ~~~

- (253.5)
2

— (2) (6.434)

= 5,000 ft.

• If the acceleration during takeoff were reduced 10 percen t , the takeoff

distance would increase 11.1 percent; if the takeoff velocity were increased

10 percent , the takeoff distance would increase ul percent. These relation-

ships point to the fact that proper accounting must be made of altitude ,

temperature , gross weight, wind , etc. because any item affecting acceleration

or takeoff  velocity will have a defini te  e f fec t  on takeoff distance.

If an airplane were to land at a velocity of 150 knots and be decele-

rated uniformly to a stop with the same acceleration of 0 .2 g, the landing

stop distance would be 5,000 f t .  It w~u1d ~e extremely rare for an ai rcraf t

to have identical takeoff and landin g performance , but the principle illus-

t ra ted is that  distance is a fu iction of velocity and acceleration . As before ,

a 10 percent lower acceleration increases stop distance 11.1 pe rcent , and a

• 10 percent higher landing speed increases landing distance 21 percent .

6A—2 . TAKEOFF PERFORMANCE

The minimum takeoff distance is of primary interest  in the operation

of any a ircraf t  because it defines the runway requirements . The minimum

takeoff distance is obtained by takeoff at some minimum safe velocity which

allows sufficient margin above stall and provides satisfactory control and

initial rate of climb . Generally, the takeoff speed is some fixed percentage

of the stall speed or minimum control speed for the airplane in the takeoff

configuration . As such , the takeoff will be accomplished at some particular
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value of lift coefficient and angle of attack. Depending on the airplane

characteristics , the takeoff speed will be anywhere from 1.05 to 1.25 times

the stall speed or minimum control speed. If the takeoff speed is specified

as 1.10 times the stall speed, the takeoff lift coefficient is 82.6 percent of

C1 and the angle of attack and lift coefficient for takeoff are fixed

~~AX
values independent of weight , altitude , wind, etc. Hence, an angle of attack

indIcator can be a valuable aid during takeoff.

Th obtain minimum takeoff distance at the specified takeoff velocity,

the forces which act on the a i rcraf t  must provide the maximum acceleration

during the takeoff  roll. The various forces acting on the a i rcraf t  may or

ma’~ not be at the control of the p ilot and various techniques may be necessar y

in certain airplanes to maintain takeoff  acceleration at the highest value .

Figu re 6A— l i l lustrates the various forces which act on the a i rc ra f t

du ring takeoff  roll. The powerplant thrus t is the principal fo rce to provide

the acceleration and , fo r minimum takeoff distance , the output  th rust  should

be at a maximum. Lif t  and drag are produced as soon as the airplane has speed

and the values of l i f t  and drag depend on the angle ~f a t tack  and dynamic

pressure.  Rolling f r ic t ion  results when th ere is a norma] . force on the wheels

and the f riction force is the product of the normal force and the coe f f i c i en t

of rolling friction ( i )  . The normal force pressing the wheels agains t the

runway surface is the net of wei ght and l i f t  while the rolling f r ic t ion

coe f f i c i en t  is a function of the t ire type and runway surface texture .
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DRAG ~~ THRUST

ROLLING FRICTION

WEIGHT
FIG.6A— I

The acceleration of the airplane at any instant during takeoff  roll is

a f unction of the net accelerating force and the airplane mass. From Newton ’ s

second law of motion:

a F n/M (2)

or

a = g(Fn/W)

where

a = acceleration , ft. per sec.
2

Fn = net accelerating force, lbs.

W = weight, lbs.

g = gravitational acceleration

= 32.17 ft. per sec.2

N = mass, slugs

= W/ g
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The net accelerating force on the airplane, F , is the net of thrust , T

drag, D , and rolling friction , F . Thus, the acceleration at any instan t

during takeoff roll is:

a~~~~~ ( T — D — F )

Figure 6A— 2 illustrates the typical variation of the various forces

acting on the aircraft throughout the takeoff roll. If it is assumed that the

ai rc ra f t  is at essentially constant  angle of a t tack during takeoff  roll , CL
and CD are constan t and the forces of l i f t  and drag vary as the square of

the speed. For the case of uniformly accelerated motion , distance along the

takeoff roll is proportional  also to the square of the velocity hence velocity

squa red and distance can be used almost synonomously . Thus , l i f t  and drag

will vary li n ea r ly with dynamic pressure (q) or V 2 f rom the point of

begi nning take~~ f ro ll. As the rolling friction coefficient is essentially

una f f ec t ed  by velocity , the rolli n g f riction will vary as the norma l force on

the wheels.  At ze ro velocity, the normal force on the wheels is equal to the

airplane weight but , at takeoff veloci ty,  the lift is equal to the weight and

the no rmal force is zero . Hence , rolling f r ic t ion dec reases linearly with q

or V 2 f rom the beginning of takeoff  roll and reaches zero at the point of

t akeof f .
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The total retarding force on an aircraft is the sum of drag and rolling

friction (D + F) and , for the majority of configurations, this sum is nearly

constant or changes only slightly during the takeoff roll. The net accelera-

ting force is then the difference between the powerplant thrust and the total

retarding force.

Fn = T — ID — F

The variation of the net accelerating force throughout the takeoff roll is

shown in figure 6A—2. The typical propeller airplane demonstrates a net

accelerating force which decreases with velocity and the resulting accelera-

tion is initially high but decreases throughout the takeoff roll. The typical

j et airp lane demonstrates a net accelerating force which is essentially con-

stant th roughout  the takeoff  roll. As a result , the takeoff  pe r fo rm ance of

t he typical  turbojet  airplane will compare closely wi th  the case for un i form ly

accelerated motion.

The pilot technique required to achieve peak acceleration throughout

takeoff  roll can vary considerably between airplane ccrifi~urations. In some

instances , ma ximum acceleration will be obtained by a c ~~i~~s~ the airplane to

remain in the three—point a t t i tude th roughou t  the  r o ll  un t i l  t~ e a i rp lane

simply reaches lift—equal—to—wei ght and flies o f f  the grou n d . ( t h e r  airp lanes

may require the three—point a t t i tude unt i l  the takeoff  speed is reached then

rotation to the takeoff angle of attack to become airborne. Still other con-

figurations may require partial or complete rotation to the takeoff angle of

attack p rior to reaching the takeoff speed. In this case , the p rocedure may

be necessary to provide a smaller retarding force (D + F) to achieve peak

acceleration. Whenever any form of pitch rotation is necessary, the pilot

312

- — —•-- -• ~~~~~~~~~



mus t provide the proper angle of attack since an excessive angle of attack

will cause excessive drag and hinder (or possibly pr eclu de) a successf ul

takeoff .  Also , insufficient rotation may provide added rolling resistnace or

require that the airplane accelerate to some excessive speed prio r to becoming

airborne . In this sense, an angle of attack indicator is especially useful

for nigh t or instrument takeoff conditions as well as the ordinary day VFR

takeoff conditions . Acceleration errors of the attitude gyro usually preclude

accu rate pitch rotat ion under these conditions.

6A-3. T.~.KEOFF PERFORMANCE PARA~TTERS

In addition to the important factors  of proper technique , many other

• variables a f f e c t  the takeoff perfornance of an airplane . Any item which a l ters

the takeoff velocity or acceleration during takeoff  roll will a f f ec t  the take-

off  distance . In order to evaluate the e f fec t  of the many variables , the

principal relationships of uniformly accelerated motion will be assumed and

consideration will be given to those effects due to any nonuniformity of

acceleration during the process of takeoff . Generally , in the case of uni-

formly accelerated motion, distance varies directly with the square of the

takeoff velocity and inversely as the takeoff acceleration .

S2 
(V
2
)2 (a

1
)

?~I (V
1
)2 

(3)

where

S = distance

V = velocity

a = acceleration
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Condition (1) applies to some known takeoff distance , S~ , which was
con~ on to some original takeoff velocity, V

1 
, and the acceleration ,

a1
.

Condition (2) applies to some ne~ ta keoff  d is tance , S 2 , which is rhe

resul t of some different value of takeoff velccit- , V2 , or ac~e.er~—

tion a2

With  this basic relationship, the e f f ec t  of the r~ n’: :-i r f a ~ 1es cr .

dista nce can be appr ox~nated .

The effect of gross weight on takeoff distance is large and pr oper

consideration of this item nust be made in predicting takeoff distance. Th—

creased gross weight can be considered to produce a threefold effect on takeoff

performance: (1) increased takeoff velocity required , (2) greater mass to

accelerate , and (3) increased retarding force (D + F) . If the gross weight

incr eases , a greater speed is necessary to produce the greater lift to g e t

the airplane airborne at the takeoff  l i f t  coef f ic ien t .  The relationship of

takeoff speed and gross wei ght would be as follows:

V 1W
• 

~~~~ 
2. (EAS or CAS) (4)

1 V 1

whe r e

V1 
= takeoff velocity corresponding to some original weight , W

3

V~ = takeoff  velocity corresponding to some d i f f e r en t  wei ght 1 
~2

Thus , a given airplane in the takeoff  confi guration •~t a given gross weight

wil l have a specific takeotf speed (EAS or CAS ) which is invariant wi th  a l t i —

• tude , tempe ra tu re , wi nd , e tc .  because a cer ta in  value of q is necessa ry to
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provide lift equal to weight at the takeoff. As an example of the effect of

a change in gross weight, a 21 percent increase in takeoff weight will require

a 10 percent increase in takeoff speed to support the greater weight.

A change in gross weight will change the net accelerating force , Fm

and change the mass, M , which is being accelerated. If the airplane has a

relatively high thrust—to—weight ratio , the change in the net accelerating

force is slight and the principal effect on acceleration is due to the change

in mass.

To evaluate the effect of gross weight on takeoff distance , the

following relationships are used:

the effect of weight on takeoff velocity is

V
2 ~~~ 

(V 2)
2 W.,

v— =\/~7— or 
(V
1
)
2

If the change in net accele rat ing force is neglected , the e f f ec t  of weight on

acceleration is

a W2 a2 W,
—

~~~~~~
‘—  or — =- - -

~~ (6)
a2 

W
3• 

a1 
W2

the effect of these items on takeoff distance is

S~ (V 2 ) 2 a1
2 X ( 7)

1 (V1
) a2

or

S2 fW~ \ 7w 2

~2 
/~~~\

2
(8)

1 \i/

(at least this effect because weight will alter the net accelerating force)
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This result approximates the effect of gross weight on takeoff distance for

airplanes with relatively high thrust—to—weight ratios. In effect , the

takeoff distance will vary at least as the square of the gross wei gh t .  For

example, a 10 percent increase in takeoff gross weight would cause:

a 5 percent increase in takeoff velocity

at least a 9 percent decrease in acceleration

at least a 21 percent increase in takeoff distance

For the airplane with a high thrust—to—weight ratio , the increase in takeoff

dista nce would be approximately 21 to 22 percent but , for the airplane with a

relatively low thrust—to—weight ratio, the increase in takeoff distance would

be approximatel y 2 5 to 30 percent . Such a powerful effect requires proper con-

s ide r a t i on  of gross weight in predicting takeoff distance.

The e f fec t  of wind on takeoff  dis tance is large ar.d proper consideration

also mus t be provided when predicting takeoff distance. The effect of a head-

wind is to allow the airplane to reach t~ e takeoff  velocity at a lower grou nd

velocity while the effect of a tailwind is to require the airplane to achieve

a greater ground velocity to a t t a in  the takeoff velocity. The effect of the

wi nd on acceleration is relatively small and, for the most part , can be

neglected.  To evaluate the e f f ec t  of wind on takeoff  distance , the following

relationships are used:

the ef fect  of a headwind is to reduce the takeoff ground velocity by the amount

of the headwind velocity,  V

V 2 = V 1 - V  ( 9)

the effect of wind on acceleration is negligible ,
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a1
a = a  or — = 1
2 1 a2

the effect of these items on takeoff distance is

S2 
(V
2)
2 

a

(V
1
)
2 a

~2 (vi~~~v)

2

or 

- 
V~~~

2 

(10)
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where

= zero wind takeoff distance

S2 
= takeoff distance into the headwind

V = wind velocity (positive for headwind , negative for tailwind)

V
1 

= takeoff ground velocity with zero wind or, simply, the takeoff

airspeed

As a result of this relationship, a headwind which is 10 percent of the take-

off airspeed will reduce the takeoff distance 19 percent. However , a tailwind

(or negative headwind) which is 10 percent of the takeoff airspeed will in-

crease the takeoff distance 21 percent .  In the case where the headwind velocity

is 50 percent of the takeoff  speed , the takeoff  distance would be approximately

25 percen t of the zero wind takeoff distance (75 percent reduction)

The effect of wind on landing distance is identical to the effect on

takeoff distance. Figure 6A— 3 illustrates the general effect of wind by the

percent change in takeoff or landing distance as a function of the ratio of

wind velocity to takeoff or landing speed.
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The effect of rumway slope on takeoff distance is due to the component

of weight along the inclined path of the airplane. A runway slope of 1 percent

would provide a force component along the path of the airplane which is 1

percent of the gross weight. Of course , an upslope would contribute a retarding

force componen t while a dowaslope would contribute an accelerating force corn—

• ponent. For the case of the ups lope , the retarding force component adds to

drag and rolling friction and reduces the net accelerating force. Ordinari ly,

a 1 percent runway slope can cause a 2 to !. percen t change in takeoff distance

depending on the airplane characteristics. The airp lane with the high th rust—

to—weight ratio is leas t affected while the airp lane with the low thrust—to—

wei ght ratio is most a f fec ted  because the slope force component causes a

relatively greater change in the net accelerating force.

The e f fec t  of runway slope must be considered when p redicting the take-

of f  distance but the ef fec t  is usually minor for the ordinary rumway slopes

3 2 0



and airplanes with moderate thrust-to—weight ratios. In fact, runway slope

considerations are of great significance only when the runway slope is large

and the airplane has an intrinsic low acceleration , i .e . ,  low thrust—to—weight

ratio. In the ordinary case , the selection of the takeoff runway will favor

the direction with an upsiope and headwind rather than the direction with a

downslope and tailwind .

The e f fec t  of proper takeoff  velocity is important when runway lengths

and takeoff dis tances are critical. The takeoff speeds specified in the flight

handbooks are generally the minimum safe speeds at which the airplane can

become airborne. An attemp t to take of f  below the recommended speed na” mean

that the ai r c ra f t  may stall , be di f f i c u l t  to control , or have very low ini t ial

rate of climb . In some cases , an excessive angle of a t t a c k  r a’: not a1~ ov the

airp lane to climb out of ground e f f e c t .  O~ the other hand , an exce ss ive  a i r -

speed at takeoff may improve the initial rate of cU rTh ar .d “ f e e l”  of t h e

airp lane but will produce an undesirable increase in t~~~ c f f  d~~;tu- c~ .

Assuming tha t t he acceleration is essential ly u n a f f e c t e d . he t~~~e o : f  d~~.t a n c e

varies as the squa re of the takeoff  velocity,

S~ (V 1)- (ll~
~l (V1

)’

Thus , 10 pe rcent excess airspeed would increase the takeof f  d i s t ance  21 per cent .

In most cr i t ical  takeoff  conditions , such an increase in t akeof f  distance would

be prohibitive and the pilo t must adhere to the recommended takeoff  speeds.

The e f f e c t  of pressure a l t i tude  and ambient temperature is to define

p r imari ly  the density a l t i tu d e  and its e f f ec t  on takeoff  per formance.

321



While subsequent corrections are appropriate for the effect of temperature on

certain items of powerp lant performance , dens ity alt i tude defines certain

effects  on takeoff performance. An increase in density altitude can produce

a two— fold e f f ec t  on takeoff performance: (1) increased takeoff velocity

required and (2) decreased thrust  and reduced net accelerating force.  If a

given weigh t and confi gurat ion of airplane is taken to a l t i tude above s tandard

sea level , the ai rplane will st±i1 require the same dynamic pressure to become

airborne at the takeoff  lift coefficient. Thus, the airplane at altitude will

take of f  at the same eq uivalent airspeed (EAS) as at sea level , but because of

the reduced density,  the t rue airspeed (TAS ) will be greater . From basic

aerodynamics , the relationship between true airspeed and equivalent airspeed

is as f ollows :

TAS 1
= -

~~~~~ 
( 12)

where

TAS = true airspeed

EAS ± equivalen t airspeed

o = a l t i tude density ratio = ~t g
0

The e f fec t  of density a l t i tude  on powerplant thrust  depends much on the

type of powe rplant .  An increase in a l t i tude above standard sea level will

b ring an immediate decrease in power output  for  the unsupercharged or ground

boosted rec iproca t ing  eng ine or the tu rbo j e t  and turboprop engines. However ,

an increase in a l t i t u l e  above s tan ~ ar~i sea l ev el  w i l l  not  cause a decrease in

powe r output  f o r  the ~u~’erch •tr ~ ed r eci p r o c a t i n o  en c lne  u nt i l  the a l t i tude  ex-

ceeds the - r i t i c ~~ • 1~~i t  i.1~ - . ~ those  .- ern ~~ :~t s  which cxpe rience a decay
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in thrust  with an increase in al t i tude , the ef f ec t  on the net accelerating

fo rce and acceleration can be approximated by assuming a direct variation

wi th  de ns i ty .  Actually , this assumed variation would closely app r oximate

the effect on airplanes with high thrust—to—weight ratios. This relationship

he as follows :

a Fri
(12)

a1 Fn
1 

p

• ~e r - -

a1, Yn , ac~ e1eration and net accelerating fo rce corresponding to sea

a,, Fn, — a— cel er at ion and ne t  acce le ra tIng  force corresponding to

tu de

a ::-~-~ dens i t ’ -’ ru :io

In ~r ~~~d-~~r~ 
.-~ e ~-ffect •~f e - ~e it ~~n~ on t a k e o f f  d is tance , the

follcwin ’ reL~ t i~ nsh~ ne ~r•-~~ s.-u :

if ar incr -~~~- in a 1 t.~~~:.- ~Le s  r~c~ a~~’ t- r a c c e l e r a t i o n , the  pr inc ipal

effect .ou~d he due to - ,~e-i - •‘~S

~~~.. ~
“
~2 a 1

1 r’  ~~

_ a.,
‘ 1 —

F ••~~\l~

s— I

S i

where

~~.i  lt- e ti.. ro~~f ~~j~~~~t i ~~~~~~t ’

S 2 t t ~~. ,- ~ ~ an~ ~ t l t ~~ ude

i i ’  ~d. de’ p ..~~ 
- r ~

j_ 3

— -

~

— -~~~~~~~~~ — — _ _ _ _ _ _



if an increase in altitude reduces acceleration in addition to the increase

in TAS , the comb ined e f fec t s  would be approxima ted for the case of the

airplane with high intrinsic acceleration by the following :

S
2 

(V
2)
2 

a
1

~~x
1 (V

1
) 2

‘-I. ’= x —

‘ 1 -
~~

•

- 
( 14)

wher e

— - t~~~ ’.r~ se-a ~‘
-
~~

- I tj k ~~n f f  d~ sr~ nce

S , = rak. o~ f ~:•;tance ~~‘ altit ud e

— alt:: - :e •~~n~~t’- do

As i r e s u l t  ~ r :kt- -e relationships , it should be appreciated that

density altitude will affect takeoff performance in a fashion depending much

on the powerplant t -:pe . The effect of density altitude on takeoff distance c

can be appreciated hv the following cornparisor.:
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Approximate Effect of Altitude on Takeoff Distance

Percent increase in takeoff 1
distance from standard sea
level

Density 
1 ii~

2
Altitude o — i—i Super— Turbo- Turbo—

0 \ 0 /  charged jet jet
recipro— high low
eating (T/W) (T/W)
airplane
below
critical
altitude

Sea level 1.000 1.000 1.000 0 
- 

0 0

1,000 ft .9711 1.0298 1.0605 2.98 6.05 9.8

2 ,000 f t  .9428 1.0605 1.125 6.05 12.5 19.9

3,000 ft .9151 1.0928 1.195 9.28 19.5 30.1

4,000 ft .8881 1.126 1.264 12.6 26.4 40.6

5,000 ft .8617 1.1605 1.347 16.05 34.7 52.3

6,000 ft .8359 1.1965 1.432 19.65 43.2 65.8
__________  _________J_________ ________  __________  ________  _______

From the previous table, some approximate rules of thumb may be derived to

illustrate the differences between the various airplane types . A 1,000—ft.

increase in density altitude will cause these approximate increases in take-

off distance :

3—1/2 percent for the supercharged reciprocating airplane when below

critical altitude

7 percent for the turbojet with high thrust—to—weight ratio

10 percent for the turbojet with low thrust—to—weight ratio

These approximate relationships show the turbojet airplane to be much more
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sensitive to density altitude than the reciprocating powered airplane . This

• is an important fact which must be appreciated by pilots in transition from

propeller type to jet type airplanes. Proper accounting of pressure altitude

(field elevation is a poor substitute) and temperature is mandatory for

accurate prediction of takeoff roll distance.

The most critical conditions of takeoff performance are the result of

some combination of high gross weight, altitude , temperature and unfavorable

wind. In the prediction of takeoff distance , the follcwing primary considera-

tions must be given:

Reciprocating powered airplane

(1) Pressure altitude and temperature — to define the effect of density

altitude on distance.

(2) Gross weight — a large effect on distance .

(3) Specific humidity — to correct takeoff distance for the power loss

associated with water vapor .

( 4) Wind — a large effect due to the wind or wind component along the

runway .

Turbine powered airplane

(1) Pressure altitude and temperature — to define the effect of dens i ty

altitude . -

(2) Gross weight.

(3) Temperature — an additional correction for nonstandard temperatures

to account for the thrust loss associated with high compressor inlet

air temperature. For this correction the ambient temperature at the

runway conditions is appropriate rather than the ambient temperature
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temperature at some distant location .

(4) Wind .

In addition , corrections are necessary to account for runway slope , engine

power deficiencies, etc.
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Unit 6-B

Landing Performance

68— 1. LANDING PERFORMANCE

In many cases, the landing distance of an airplane will define the runway

requirements for flying operations . This is particularly the case of high

speed jet airplanes at low altitudes where landing distance is the major pro-

blem rather than takeoff performance. The minimum landing distance is obtained

by landing at some minimum safe velocity which allows sufficient margin above

stall and provides satisfactory control and capability for waveoff. Generally,

the landing speed is some fixed percentage of the stall speed or minimum con-

trol speed for the airplane in the landing configuration. As such , the landing

will be accomp lished at some particular value of lift coefficient and anele

of attack. The exact value of C
L 

and for landing will depend on the

airplane characteristics but , once defined , the values are independent of

weight , altitude , wind , etc. Thus, an angle of attack indicator can he a

valuable aid during approach and landing .

To obtain min imum landing distance at the specified landing velocity,

the forces which act on the airplane muse provide maximum deceleration (or

negative acceleration) during the landing roll. The various forces acting

on the airplane during the landing roll may require various techniques to

maintain landing deceleration at the peak value .

Figure 613—1 illustrates the forces acting on the aircraft during landing

roll. The power—plant thrust should be a minimum positive value , or , if

reverse thrust is available , a maximum negative value for minimum landing

distance. Lift and drag are produced as long as the airt~lane has speed and

the values of lift and drag depend on dynamic pressure and angle of attack.

Braking friction results when there is a normal force on the braking wheel
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surfaces and the fr ict ion force is the prod uct of the normal force  and the

coefficient of braking friction. The normal force on the braking surfaces is

some part of the net of weight and lift , i . e . ,  some othe r part  of this  net

may be distributed to wheels which have no brakes. The maximum coefficient

of braking friction is primarily a f unc tion of the runway sur face  condi tion

(d ry,  wet , icy,  e tc . )  and rathe r independent of the type of t i re for  ordinary

cond itions (dry , hard surface runway) . However , the operating coefficient of

braking friction is controlled by the p ilot by the use of brakes .

LIFT

DRAG2~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TH~UST

BRAKING FRICTION

‘ WEIGHT

FIG. 68-I

The acceleration of the airplane during the landing roll is negat ive

(decele rat ion) and will be considered to be in that sense. At any instance

- during the landing roll the acceleration is a funct ion of the net re tarding

fo rce and the airplane mass. From Newton ’s second law o f mo t ion :

a = F r / N
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or

a = g(Fr/W)

where

a = acceleration , ft. per sec. (negative)

Fr = net retarding force , lbs .

g = gravitational acceleration , f t .  pe r sec.

W weight , lbs.

= mass , slugs

- _ W/g

The net retarding force on the airplane , FR, is the net of drag (D)

braking friction (F) , and thrust (T) . Thus , the acceleration (negative)

at any instant during the landing roll is:

a - ~~(D + F—T)

Figure 6B —2 i l lustrates the typical variation of the various forces

acting on the aircraft throughout the landing roll. If it is assumed that the

a i rc ra f t is at essentially constant  ang le of a t tac k f rom the point of tcuch—

down , C
L 

, and CD are constant and the forces of lift and drag vary as tk e

square of the velocity . Thus, lift and drag will decrease linearly with q

or V
2 

from the point of touchdown . If the braking coefficient is maintained

at the maximum value , this maximum value of coefficient of f r iction is

essentially con stant  with speed and the braking f r i c t ion force  will vary as

the normal force on the braking surfaces . As the airp lane nears a complete

stop , the velocity and lift approach zero and the normal fo rce  on the wheels

approaches the weight of the airplane . At this point , the braking friction
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force is at a maximum . Im m ediately after touchdown , the lift is quite large

and the normal force on the wheels is small. As a result, the braking friction

force is small. A co~ non error at this point is to apply excessive brake

pressure without suf f ic ient  normal force on the wheels . This may develop a

skid with a locked wheel and cause the tire to blow out , so suddenly that

judicious use of the brakes is necessary .

\

\

\

w (D+F)~~
- .

~~~~~~

TOUCHDOWN ~~~
‘ V 2.._._ s~ro~H ~ S —

FIG . 6B-2
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The coefficient of braking friction can reach peak values of 0.8 but

ordinarily values near 0.5 are typical for the dry, hard surface runway. Of

course, a slick, icy runway can reduce the maximum braking friction coefficient

to values as low as 0.2 or 0.1. If the entire weigh t of the airplane were

the normal force on the braking surfaces , a coefficient of braking f r ic t ion

of 0.5 would produce a deceleration of -~g , 16.1 ft. per sec.
2 Most air-

planes in ground effect rarely produce lift—drag ratios lower than 3 or 4.

If the lift of the airplane were equal to the weight , an L/D = 4 would

produce a deceleration of -jg , 8 ft. per sec .2 By this comparison it should

be apparent that friction braking offers the possibility of greater decelera-

tion than airplane aerodynamic braking. To this end , the najotity of airplanes

operat in g f rom dry hard sur face  r unways will  requi re  par t icular  techniques to

obtain minimum landing distan ce. Genera l i ’-’ , the tech ni que involves lowering

the nose wheel to the runway and retracting the f laps to increase the normal

force on the braking surfaces. While the airplane drag is reduced , the

greater normal force can provide greater braking friction force to compensate

for the reduced drag and the net retarding force is increased.

- 
- The technique necessary for minimum landing distance can be altered to

some extent in certain situations . For example , low aspect ratio airplanes

with high longitudinal control power can create very high drag at the high

speeds immediately prior to landing touchdown . If the landIng gear configu—

ration or flap or incidence setting precludes a large reduction of C
L , the

normal forc~e on the b raking surfaces and braking fr ict ion force capabil i ty

are relatively small. Thus, in the initial high speed part of the landing

roll , maximum deceleration would be obtained by creating the greatest
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possible aerodynamic drag. By the time the aircraft has slowed to 70 or 80

percent of the touchdown speed , aerodynamic d’ag decays but braking action

will then be effective. Some form of this technique may be necessary to

achieve minimum distance for some configuratIons when the coefficient of

braking friction is low (wet, icy runway) and the braking friction force

capability is reduced relative to airplane aerodynamic drag.

A distinction should be made between the techniques for minimum landing

distance and an ordinary landing roll with considerable excess runway availa—

ble. Minimum landing distance will be obtained from the landing speed by

creating a continuous peak deceleration of the airp lane . This condition

usually requires extensive use of the brakes for maximum deceleration. On

the other hand, an ordinary landing roll with considerable excess runway

may allow extensive use of aerodynamic drag to minimize wear and tear on the

tires and brakes. If aerodynamic drag Is sufficient to cause deceleration

of the airplane it can be used in deference to the brakes in the early stages

- of the landing roll, i.e., brakes and tires suffer from continuous, hard use

but airplane aerodynamic drag is free and does not wear out with use. The

use of aerodynamic drag is applicable only fo r deceleration to 60 or 70 per-

cent of the touchdown speed . At speeds less than 60 to 70 pe rcent of the

touchdown speed , aerodynamic drag is so slight as to be of little use and

braking must be utilized to produce continued deceleration of the airplane.

Powerplant thrust is not illustrated on f i gure 6B—2 because there are

so many possible variations. Since the objective during the landing roll is

to decelerate , the powerplant thrus t  should be the smallest possible gosit ive

value or largest possible negative value . In the case of the t u r b o j e t
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aircraft, the idle thrust of the engine is nearly constant with speed

th roughout the landing roll. The idle thrus t is of s ignificant magnitude on

cold days because of the low compressor inlet air temperature and low density ,

altitude. Unfortunately, such atmospheric conditions usually have the

corollary of poor braking action because of ice or water on the runway . The

th rust from a windmilling propeller with the engine at idle can produce large

negative thrust early in the landing roll but the negative force decreases

with speed. The large negative thrust at high speed is valuable in adding

to drag and b raki ng f r i c t i on to increase the net re tarding force.

Various devices can be utilized to provide greater deceleration of the

airplane or to minimize the wear and tear on tires and brakes . The drag para-

chute can provide a large re tarding force at high q and greatly increase

the deceleration during the initial phase of landing roll . It should be noted

that the contr ibut ion of the drag chute Is important  onl y du ring the high

speed portion of the landing roll. For maximum effectiveness , the drag chute

must be deployed immediately after the  airp la n e is in contact with the run-

way . Reverse thrust of propellers is obtained by rotating the blade angle

well below the low pitch stop and app lying engine power. The action is to

extract a large amount of momentum from the airstream and thereby create

negative thrust. The ma gnitude of the reverse thrust from propellers is very

large, especially in the case of the turboprop where a very large shaft power

can be fed into the propeller. In the case of reverse propeller thrust,

maximum effectiveness is achi eved by use immediately after the airplane is

in contact with the runway . The reverse thrust capability is greatest at

the h igh speed an d , obviou sly, any delay in producing deceleration allows
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runway to pass by at a rapid rate. Reverse thnrst of turbojet engines will

usually employ some form of vanes, buckets, or clamshells In the exhaust to

turn or direct the exhaust gases forward.  Whenever the exit velocity is

less than the inlet velocity (or negative), a negative momentum change occurs

and negative thrust is produced. The reverse jet thrust is valuable and

effective but it should not be compared with the reverse thrust capabUity of

a comparable propeller powerplant which has the high intrinsic thrust at low

velocities. As with the propeller reverse thrust , jet reverse thrus t must

be applied immediately after ground contact for maximum effectiveness in

reducing landing distance.

6B—2. PARAMETERS

In addition to the important factors of proper technique , many other

variables effect the landing performance of an airplane. Any item which

alters the landing velocity or decelerat ion during landing roll will a f f ec t

the landing distance. As with takeoff performance , the relationships of

uniformly accelerated motion defines landing distance as varying directly as

— the square of the landing velocity and inversely as the acceleration during

landing roll.

S~ 
~~~ 

a
1 -

-~ x~~~ (1)
1 (V

1)~ 
a
2

where

= landing distance resulting fron certain values of landing

velocity, V
1 , and acce le rat ion , a1

S2 landing distance resulting from some different values of

landing veloci ty,  V2 , or acceleration , a2
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W i t h  ~~
- - - r - ’jtjun sh~r , ~‘~e e~~:ec ’ o~ ~ :ie many -.-a rta~-les on landing distance

~. an be ~i~-p~ - x . ~~~~. e : .

The ef~~ t of gro-,s weight on rd~ r~c distance is one of the principal

~tems determi:~1n~ t~ie anding distance of an airplane . One effect of an

increased ~ross weight is t -it the airplane will require a greater speed to

support the airplane at the landing angle of attack and lift coefficient.

The relationship of landing speed and gross weight would be as follows :

~~~~~ 
= (EAS or CAS) (2)

1 ~~~l

where

V
1 

= landing velocity corresponding to some origina ‘ . e~~~~ht ,

V2 
= landing velocity corresponding to some d i f f e r e n t  -~-ei g~’t , 

~~~~

‘S

Thus , a given airplane in the landing conf igura t ion  at a g ’iven gross we~ cht

will have a specific landing speed (EAS or CAS) which is invariant with alti-

tude, temperature , wind , etc., because a certain value of q is necessary to

provide lift equal to weight at the landing CL . As an example of the effect

of a change in gross weight , a 21 percent increase in landing weight will

require a 10 percent increase in landing speed to support the greater weight.

When minimum landing distances are considered , braking friction forces

predominate during the landing roll and , fo r the maj or i ty  of airplane con—

figurations , braking friction is the main source of deceleration . In this

case, an increase in gross weight provides a greater normal force and in-

creased braking friction force to cope with the increased mass . Also , the

higher landing speed at the same C
L 

and C
D 

produce an average drag which
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increased in the same proportion as the increased weight. Thus, increased

gross weight causes like increases in the sum of drag plus brakin g f r iction

and the acceleration is essentially unaffected .

To evaluate the effect of gross weight on landing distance , the

following relationships are used:

the effect of weight on landing velocity is

~~~~ 
= (3)

if the net retarding force increases in the same proportion as the weight ,

the acceleration is unaffected.

the effect of weight on landing velocity is

S9 (V9)
2 a

1
= 

(V
1
)~

or

S2 W
(4)

1 1

In effect, the minimum landing distance will vary directly as the gross weight.

For example , a 10 percent increase in gross weight at  landing would cause:

a 5 percent increase in landing velocity

a 10 pe rcent increase in landing dist ance

A contingency of the previous analysis is the relationship between

weight and braking friction force . The maximum coefficient of braking fric—

tion is relatively independent of the usual range of normal forces and
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rolling speeds , e .g . ,  a 10 percent increase in normal force would create a

similar 10 percent increase in braking friction force. Cca~ 4:ier the case o~

two airplanes of the same type and e.g. position but of different gross

weights. If these two airplanes are rolling along the runway at some speed

at which aerodynamic forces are negligible, the use of the maximum coefficient

of braking friction will bring both airplanes to a stop in the same distance.

The heavier airplane will have the greater mass to decelerate but the greater

normal force will provide a greater retarding friction force. As a result ,

both airplanes would have identical acceleration and identical stop distances

from a given velocity. However, the heavier airplane would have a greater

kinetic energy to be dissipated by the brakes and the principal difference

between the two airplanes as they reach a stop would be that the heavier

airp lane would have the hotter  brakes. Therefore , on e of the facto r s o f

br akin g p e r f o rman ce is the ability o f the brakes to dissipate energy without

developing excessive temperatures and losing effectiveness.

To appreciate the effectiveness of modern brakes, a 30,000—lb aircraft

landing at 175 knots has a kinetic energy of 41 million ft.—lbs. at the

instant of touchdown. tn a minimum distance landing, the brakes must dissi-

pate most of this kinetic energy and each brake must absorb an input power of

approximately 1,200 h.p. for 25 seconds. Such requirements for brakes are

extreme but the example serves to illustrate the problems of brakes for high

performance airplanes.

While a 10 percent increase in landing weigh t causes:

a 5 percent higher landing speed

a 10 percent greater landing distance ,
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it also produces a 21 percent increase in the kinetic energy of the airp lane

to be dissipated during the landing roll. Hence , high landing weights may

approach the energy dissipating capability of the brakes .

The effect of wind on landing distance is large and deserves proper con-

sideration when predicting landing distance. Since the airplane will land

at a particular airspeed independent of the wind , the principal effect of

wind on landing distance is due to the change in the ground velocity at

whic h the airplane touches down. The effect of wind on acceleration during

the landing distance is identical to the effect on takeoff distance and is

approximated by the following relationship:

2

where

S
1 

= zero wind landing distance

S , = landing distance into a headwind

V headwind velocityw

V
1 

= landin g ground velocity witn zero wind or , simply, the landing

airspeed -

As a result of this relationship , a headwind which is 10 percent of the

landing airspeed will reduce the landing distance 19 percent but a tailwind

(o r negative headwind) which is 10 percent of the landing speed will increase

the landing distance 21 percent. Figure 6B—2 illustrates this general effect .

The e f f e c t  of runway slope on landing dis tance  is due to the component

of weight along the inclined path of the airplane. The relationship is

identical to the case of takeoff performance but the magnitude of the effect
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is not as great. While account must be made for the effect , the ordinary

values of runway slope do not contribute a large effect on landing distance.

For this reason , the selection of the landing runway will ordinarily favor

the direction with a downslope and headwind rather than an upslope and

tailwind.

The e f f e ct of pressure a l t i tude  and ambient temperature is to define

density altitude and its effect on landing performance. An increase in density

altitude will increase the landing velocity but will not alter the net re—

tarding force. If a given weight and configuration of airplane is taken to

altitude above standard sea level, the airplane will still require the some q

to provide lift equal to weight at the landing C
L 
. Thus, the airplane at

altitude will land at the same equivalent airspeed (EAS) as at sea level but ,

bec~iuse of the reduced density , the true airspeed (TAS) will be greater.

The relationship between true airspeed and equivalent airspeed is as follows:

TAS 1
EAS p~~ 

(6)
- Va

where

TAS = true airspeed

EAS = equivalent airspeed

= altitude density ratio

Since the airp lane lands at altitude with the same weight and dynamic pressure ,

the drag and braking friction throughout the landing roll have the same values

as at sea level.  As long as the condition is within the capability of the

brakes , the net retarding force is unchanged and the acceleration is the

sa me as with  the landing at sea level.
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To evaluate the effect of density altitude on landing distance , the

following re la t ionships a re used :

since an increase in altitude does not alter acceleration , the effect

would be due to the greater TAS

S
2 

(V 7)~ a
1

-l x—
1 (V

1Y 
a

(7)

— 1
s
1 a

where

S
1 

= standard sea level landing distance

S~, = landing distance at altitude

a = altitude density ratic

From this relationship, the min imum landing d istance at 5,000 ft.

(a = 0.8617) would be 16 percent greater than the minimum landing distance at

sea level. The approximate increase in landing distance with altitude is

aonro xi-~ te1v 3—1/2 percent for  each 1, 300 fr. of altitude. Proper accountinc

of density altitude is necessary to accurately predict landing dis~ ance.

The effect of proper landing velocity is important when runwa’r lengths

and landing distances are critical. Tue landing speeds specified in the

flight handbook are generally the minim~nrt safe speeds at which the airplane

can be landed . Any attemp t to land at below the specified speed may mean

that the airplane may stall , be difficult to control , or develop high rates

of :esc-lnt . On the ~ther hand , an excessive speed at landing may improve the

controllability (espe-:ially in crcv~swinds) but will cause an undesirable
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increase in landing distance. The principal effect of excess landing speed

is described by:

9
S
2 

(V
2Y

S 2 (8)
1 (V

1
)

Thus, a 10 percent excess landing speed would cause a 21 percent increase in

landing distance. The excess speed places a greater working load on the

brakes because of the additional kinetic energy to be dissipated. Also , the

add itional speed causes increased drag and lif t in the normal ground attitude

and the increased lift will reduce the normal force on the braking surfaces .

The acceleration during this range of speed immediately after touchdown may

suffer and it will be more likely that a tire can be blown out from braking

at this point. As a result , 10 percen t excess land ing speed will ca use at

least 21 percent greater landing distance.

The most critical conditions of landing performance are the result of

some combination of high gross weight , density altitude , and unfavorable wind .

These conditions produce the greatest landing distance and provide critical

levels of energy dissipation required of the br akes. In all cases , it is

necessary to make an accurate prediction of minimum landing distance to corn—

pa re with the available runway . A polished , p rofessional landing technique

is necessary because the landing phase of flight accounts for more pilot

caused aircraft accidents than any other single phase of flight.

In the predic t ion of minimum landing distance from the handbook data ,

the following considerations mus t be given :

(1) Pressure a1titud~ and temperature — to define the e f f e c t of densi ty

altitude .



(2) Gross weight — which define the CAS or EAS for landing.

(3) Wind — a large effect due to wind or wind component along the

runway .

(4) Runway slope — a relatively small correction for ordinary values of

runway slope.
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SUPPLEMENTARY PROBLEMS

Unit 6

1. For an aircraf t whose acceleration is not a constant , but - ‘cry nearly

so, it is sometimes the custom to evaluate the net accelerating force

at a poin t mid—distance between the start of take—off and the point

where the lift just equals the weight (V = V TO). If the thrust ,

roll ing friction and drag are expressed as a function of velocity , at

what velocity should these parameters be evaluated in order to deter-

mine the net accelerating force?

2. For a no—wind condition it has been computed that an aircraft recuires

4,500 feet for take—off. What is the required  t a k e — o f f  d i s t ance  if

there is a headwind equa l to l5~ of the velocity required for take—off?

3. An aircraft requires an air speed of 102 knots for take—off on a no—vind

day. What is the velocity required for take—off if there is a direct

tail wind of 16 knots?

i . You are making an instrument a roach do~cn a 3° glide slope. Is Your

rate of descent faster , the same or slcver If you have a headvind as

comp a red with the no—wind arproach ?

5. An aircraft touches down (L = U) at a velocity of 116 knots. The

brakes are applied immediately and produc e a c o e f f icient of brak ing

f r i c t i o n  of 0 .60 ( t h e  retarding force due to braking f r i c ti on  is e cu a l

to 60 percent  of  the net load on the wheels)  . The d r a g  a t  t o i : c h d o ~~ is

exactly ecua l to the b rak ing  f r i c t i o n  j u s t  pr ior  to s t op . ~-~h a t  is tI- e

landing distance for this aircraft?

3 4 4
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SUPPLEMENTARY PROBLEMS
SOLUTION S1-~~ET

tiNIT 6

1. If the acceleration is near ly a cons tant , the take-off

distance (S) is proportional to the square of the take-off

velocity (VTO2 ). For Saverage = s’2, the ‘average ’ vel oci ty

may be computed from :

____ = 
(VTO)

2

S/2 (V ) 2

or v 2 —~~ 
/ ~‘

av - 
~~~~~ TO)

and 
~ av = 0.707 VTO

2. V~ = 0.15 UTO (Statement of the nroblem )

since
(1 - — )

2 f r o m  Eq. (10), 6-A where
VTO

S
2 

4,500 (l - 0.15)2 4,5OO.~~~.85)
2

b
2 

= 3 ,251 feet

3. The velocity required for take-off is a constant , no matter

what is the tajiwind or headwind . The effect of the wind is

only to chanoe the required take-off distance. Therefor e,

VT~~ 
. = V . 1fl2 knots

.~ind TONo..wind

4. An intuitive solution to this pr oblem micht be had by

obse rv in ~ the  t r a c k  of t he  a i r c r a f t  under  the  t w o  a ind

conditions , consider ing that the int ercep t w i th the -~l ides l ope

is at the same vertical and horizontal distance from the

touchdown poin t , and that the  a i r c r a f t  ve loc i ty  on the  g l ide-

slope is the same in both cas es . In both cases the aircraft

actually traverses the same glide path , but in the headwind

case , the aircraft is ‘
~b1own back” on to the clideslope . It can

be sc~en that the aircraft flyina into the headwind is in the

air for a longer t ime , and r-dst therefore have a slower rate

of descent . (Continued).
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SUPPLE~~ NTARY PROBLE MS

SOLUTION SJ-~~ET
UNIT 6

(Cont ) i
4. ( Cont inued

No-wind T Headwind T 
—

In both cases , the path from the intercept (I) to the

touchdown (T) is the same , but in the headwind case , the

ai r c r a f t  is e f f ect ive ly f l y i n g  f r om the  intercept to  the
aim point ( A ) .

For a mor e r i gorous  s o l u t i o n , let ‘as assume some

numerical values . Let the aircraf t intercept the glideslope
1,000 feet above the point  of touchdown wi th a glideslope
velocity of 100 knots (168.89 ft’sec). From this ,

Horizontal distance from (I) to (T) 1,000 ’tan 30 f t

= 19 ,081 ft

Hor izonta l  v e l o c i ty  component (Ground speed )

V h 168 .89 cos 3~ f t~~sec = 168.66 ft ’sec

V e r t i c a l  ve loc i t y  component  ( R a t e  of S i n k )

V = 168.89 sin 30 ft/sec 8 .84 f t / s ec  = 530 f t - ’min
The time to fly from intercept to touchdown is the ground

d istanc e d ivided by the Ground speed , or the air hei ght
divided by th e Ra te of Sink :

19,081 ft 1,000 ft
= ll3 sec .

168.66 fps 8.84 fps

In the headwind case the time to descend is given by

= 
Height 1.000 ft

Modified sink rate 168.89 sin~~ ft sec

• but , inasmuch as the anale~ ’is very small , sin~~~~ô . ari d

t = 5.92/f
346
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SUPPLEMENTAR Y PROBLEMS
SOLUTION S}-~~ET

UNIT 6
(Cont )

4. (Continued)

The time for the ground run is the same as the time for

descent
19 ,081 + V~~~t 19,081 + Vw ( 5 .92~
168.89 cosr 168.89 cos�

Since , for small angles cos ’ 1,

19,081 + V~~( 5 . 9 2 / )~~ = t = 5.92’
168.89

If a h ead win d of 15 knots  is ass umed , so lv ing for

v’ 1,000 - 88.8 . 1, 000 - 88 . 8
radians = x 5~- .3  degrees

19.081 19,081

~~ 
2. 74°

The rate of descent , in headwind , is therefore 168.89 sin 2.74

feet’sec or 484 fpm . In the no-wind case it was shown t o  be

530 fprn . There fo re  a s lower  r a t e  of sink on a gli deslo~ e
wi th headwind .

5. The drag has its highest value at touchdown and decreases

as the  squar e of the  v e l o c i ty  o zero at s top .  The b r a k i n g

f r i c t i o n  is zero  at touchdown (n o  ne t  f o r c e  on t he  v h ee l s )

and increases as the squar e of the velocit’: until it is a

maximum just prior to stop . If the max imum dr-ac equals the

maximum braking for te , and both var y as the sq’i are of the

velocity, the net retar ding force is a constant , equal to the

maximum braking force:

F = 0 . 6 0 ” W = m a =~~~~ aR g
and a 0.ôO g

This means that the acceleration t o  t h e  rea r  (Deceler-

a t i o n )  is equal to 0. - ‘C t i m e s the  a c c e ler a t i o n  due t o  ~r a v i t y .

S = ~~
._.- = La” X 1.~~889 f t

2a x ( 0 .~~C x 32 .~~) f t  sc~c~

993 f t
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STANDARD ATMOSPHERE TABLES

Sea Level Values

Pressure: 14.7 psi , 2116.22 psf , 29.92 in Hg,  1013 mb

Temperature : 59 F 15 C 518.688 Rankine 288.16~ Kelvin

Density : .0023769 slugs ,’cubic ft.

Sonic Velocity : ~r l . -~3 t , 11~~ •c9 fps

Gravitational .~c c e l e r a t i ~ n :  32 . I 7 - ~ f t / s ec/sec

Temperature lapse rate ta 3’~,Ø 9 Q f t :

— 3 . 5 7 F per 1000 f t , —1.98 C per 1000 ft.

TSonic velocity : a a51 ~~—

~sl

Tropopause — at 3E’,fl -~9 f t  geopotential altitude , T = 216 .66 K

Density Ratio =
3sl

TTemperature Ratio ~--

si

Pressure Ratio 5
si

Viscosity Ratio —~ —

~sl

Gas Constant R = 1716.55 ft2/sec
2 

R
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Appendix I

TABLE 1

GEOPOTENTIAL AND GEOMETRIC ALTITUDES

Geometric Geopo tential

h H
(Feet) (Feet)

0 0

10,000 9,995

20,000 19,981

30,000 29,957

40 ,000 39 ,923

50 ,000 49 ,880

60 ,000 59 , 828

70 ,000 69 , 766

80,000 79,694

90 ,000 80 ,613

100 ,000 99 ,523

150,000 148,929

200 ,000 19S , lOO
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(Appendix I)

TABLE 2

ICAO STANDARD ATMOSPHERE

H a
(Geopotential ‘3 0

Feet) (Knots)

0 1.0000 1.0000 1.0000 661.48

500 .9820 .9966 .9854 660.36

1,000 .9643 .9931 .9710 659.23

1,500 .9469 .989 7 .9 568 658.04
2,000 .9298 .9862 .9427 656.92

2,500 .9129 .9S28 .92~8 
A~~ 5 •  79

3,000 .8962 .9794 .9151 A54 , 59

3,500 .8798 .9759 .9015 653.47

4,000 .3636 .9725 .8880 ‘~~2.34

4 ,500 .8477 .9691 . - S - ’4 8 651.15
5,000 .3320 .9656 .8616 650.03

5 ,500 .8 166 .9622 .~~487

6 ,000 .3013 .9587 .8358 647 . 71

6,500 .7863 .9553 .8231 646.52

7,000 .7716 .9519 .8106 (-45.34

7,500 .7570 .9434 .7982 644.22

8,000 .7427 .9450 .7860 643.03

8,500 .7286 .9416 . 7 7 3 9  641.34

9 ,000 .7148 .9301 .7%1~
9 ,500 .7011 .9347 .7501 6 3 9 . 5 2

10 ,000 .6877 .9312 .7384 63~~.3l

10,500 .6744 .9278 .7269 637.17

11,000 .6614 .9’-4 .7155 635.94

11,500 .6486 .9209 .7043 634.82

12 ,000 .6359 .9175 .6931 633 .63

12 ,500 .6235 .9141 .6821 632.44

13,000 .6113 .9106 .6713 631.25

13,500 .5992 .9072 .6606 630.06

14,000 .5874 .9037 .6500 620.87

14 ,500 .5758 .9003 .6395 627.61
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TABLE 2
(Co n t )

(Geopot~nt ia1 6 ‘3 o a

Feet) (Knots)

15,000 .5643 .8969 .6292 626.42
15,500 .5530 .8934 .6190 625.23
16,000 .5419 .8900 .6089 624.04
16,500 .5310 .8866 .5990 622.84
17 ,000 .5203 .8831 .5891 621.58
17 ,500 .5097 .8797 .5794 62r .39
18,000 .4993 .8762 .5699 619.21

18,500 .4891 .8728 .5604 617.96

19,000 .4791 .8694 .5511 616 .77
19 ,500 .4692 .8659 .5419 615.58

20,000 .4595 .8625 .5328 614.3
20 , 500 .4500 .8591 .5238 613.13
21 , 000 . 4406 .8556 .5149 611. 87
21 , 500 .4313 .8522 .5062 6 10.62
22 ,000 .4 2 2 3  . 8487 .4975 6 0 9 . 4 3
22 , 500 .~~l34 .8493 .4890 608.17
23,000 .4045 .8~l9 .4806 606.90
23,500 .3960 .87fl4 .4723 605.71
24 ,000 .3875 . 350 .4641 604 .46
24 , 500 . 3 7 9 2  - .83 16 .4 560 603.20
25 ,000 .3710 .8281 .44 81 6O1.~~4
25 ,500 .3630 .8247 .4402 600.96
26,000 .3551 .8212 .4324 599.43
26,500 .3474 .8178 .4248 598 .17
27 ,000 .339 8 .8144 . 4177 596.92
27 , 500 .3323 .8109 .~‘0 98- 595.66
28 ,000 .3250 . 20 7 5 . 402 5  594 .40
28 ,500 .3178 .8041 .3952 593.15
29 ,000 .3107 .SOflE- .3881 591.89
29,500 .3037 .7972 .3810 590.56

3 5 2
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TABLE 2
(Cont)

H a
(Geopotential ‘3 C (Knots)

Feet)

30,000 .2969 .7937 .3741 589.30
30.500 .2902 .7903 .3672 588.06
31,000 .2836 .7869 .3605 536.80
31, 500 .2 772 .7834 . 3538 585.48
32 ,000 .2709 .7800 .3473 584.22

32,500 .2646 .7766 .3408 582.90

33 ,000 .2585 .7731 .3344 581.64

33 ,500 .2525 .7697 .3281 s80.32

34 ,000 .2467  .7662 .3219 579.06
34,500 .2409 .7628 .3158 577 .74
35 ,000 .2353 •7 5 9 4  . 3098 576 .42
35 ,500 .2297 .7559 .3039 575.09

36 ,000 .2233 .7525 .2981 573.84

36 ,089 .2233 .7519 .2970 573.58

40 ,000 .1851 .75 19 .2461 ~7 3 .5$
45 ,000 .1355 - .7519 .1936 573.58
50,000 .1145 .7519 .1522 573.58
55 ,000 .0900 .7519 .1197

r~0,000 .0708 .7519 .0941 573.S8
65 ,000 .0557 .7519 .0747 ~73.58
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TABLE 3

ICAO STANDARD ATMOS PHERE

T P p a

feet lb ’ft2 lb sec 2/ft4 ft/sec

0 518.688 2116.22 0.0023769 1116.89

500 516.905 2078.26 0.0023423 1114.97

1,000 515.122 2040.85 0.0023081 1113.05

1,500 513.339 2003.99 0.0022743 1111.12

2,000 511.556 1967.68 0.0022409 1109.19

2,500 509.773 1931.89 0.0022078 1107.25

3,000 507.990 1896.64 0.0021752 1105.31

3,500 506.206 1861.91 0.0021429 1103. 37

4,000 504.423 1827.69 0.0021109 1101.43

4,500 502.640 1793.99 0.0020793 1099.48

5,000 500.857 1760.79 0.0020481 1097.53

5,500 499.074 1728.09 0.0020173 2095.57

6,000 497.291 1685.89 0.0019868 1093.61

6,500 495.508 1664.17 0.0019566 1091.65

7,000 493.725 1622.93 0.0019268 1089.68

7,500 491.942 1062.17 0.0018974 1087.71

8,000 490.159 1571.83 0.0018685 1085.74

8 ,500 488 .376 1542. 06 0. 0018395 1033. 76

9,000 486.593 1512.70 0.0018111 1081.78

9,500 484.809 1483.79 0.0017830 1079.80

10 ,000 483.026 1455 .33 0.0017553 1077.81

10,500 481.243 1427.31 0,0017279 1075.82

11 ,000 479.460 1399,73 0.0027008 1073.83

11,500 477.677 1372.59 0.0016740 1071.83

12,000 475.894 1345.87 0.0016476 1069.83

12 ,500 474.111 1319.58 0.0016215 1067.82

13,000 472.328 1293.70 0.0015957 1065.81

13,500 470.545 1268.23 0.0015702 1063.80
14 ,000 468.762 1243.18 0.0015451 1061.78

14,500 466.979 1218.57 0.0015202 1059.76

3 5 4  
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TABLE 3

( c a n t )
H T P p a

feet °R lb/ft2 lb sec2’ft
4 ft/sec

15 ,000 465. 196 1194 .27 0.0014956 1057 .73

15,500 463.413 1170.40 0.0014714 1055.70

16,000 461.629 1146.92 0.0014474 1053.67

16 ,500 459.846 1123.83 0.0014238 1051.63

17,000 458.063 1101.11 0.0014005 1049.59

17 ,500 456 .280 1078 .77 0 .0013774 1047 .55

18,000 454 .497 1058.80 0.00 13546 1045 . 50

18 ,500 452.714 1035.18 0.0013322 1043.45

19,000 450.931 1013.93 0.0013100 1041.39

19 ,500 449. 14-3 993. 04 0 .0012881 1039 .33
20 ,000 447 .365 972 . 49 0 .0012664 1037 .26
20,500 445.582 952.29 0.0012451 1035.19

21 ,000 443.779 932.43 0.0012240 1033.12

21 ,500 442.016 912.91 0.0012032 1031.04

22 ,000 440 .232 893. 2 0.0011827 1028.96

22 , 500 438 .44 9 874. 85 0.0011625 1026.88
23 ,000 436.666 856 .31 0.0011425 1024.79

23 ,500 434 .883 838 .09 0.0011227 1022.69

24,000 433.100 820.19 0.0011033 1020.59

24,500 431.317 802.60 0.0010841 1018.49

25 , 000 429 .534  785 .31 0 .0010651 1016 .38

25 ,500 427 .751 768.32 0.0010464 1c-14.2T

26 ,000 425 .968 751.64 0.0010280 1012.15

26,500 424.185 735.25 0.0010098 1010.03

27,000 422.402 719.15 0.0009919 1007.91

27,500 420.619 703.33 0.0009742 1005.78

28,000 418.836 687.80 0.0009567 1003.64

28 ,500 417 .052 672 . 55 0.0009395 1701 .51
29,000 415.269 r ’57 • ‘5 0.0009225 999.36

29 , 500 413. 436 64 2. 87 0 . 0000458 997 . 2 2
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TABLR 3

(COn-t )
H T P a

feet  °R l b / f t2 lb sec 2
~~f t 4 f t - ’sec

30,000 411.703 628.43 0.0008893 995.06

30,500 409.920 614.26 0.0008730 992.91

31 ,000 408.137 600.34 0.0008570 990.74

31,500 406.354 586.68 0.0008411 988.58

32,000 404.571 573.28 0.0008255 986.41

32,500 402.788 560.12 0.0008102 984.23

33 , 000 401.005 547 .2 1 0.0007 950 982.05

33,500 399.222 535.54 0.0007801 979.86

34,000 397.439 522.11 0.0007653 977.67

34,500 395.656 509.92 0.0007508 975.48

35 , 000 393. 872 497 .96  0.0007365 973 .28

35 ,500 392.089 486.22 0.0007225 9T1~~07

36,000 390.306 474.71 0.000 2-B 6 968.86

36 ,089 389.988 472.68 0.7C0T-”~~ 9~~3.47

40,000 389.988 391.68 0.0005851

45,000 389.988 308.01 (~~~~~~~- 4 9~o3•47

50 ,000 389 .988 242 . 21 0 .00036 18

55 ,000 389.988 190.47 0.0002-45

60 , 000 389.988 149. 78 0 .3C~~2 2 3 8

65,000 389.988 117.79 0.0~~-1T60

k.
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TABLE 4

U.S. STANDARD ATMOSPHERE sUpPLE~fE:Ts , 1966
~!id—1atitude Sprinc/Fall

H 6 0

(Geopotenti~1
R~et)

0 1.0000 1.0000 1.0000

10 ,000 .6877 .9312 .738k

20 ,000 . 4595 .8625 .5328

30,000 .2969 .7937 .3745

40,000 .1851 .7519 .2471

50 , 000 .1145 . 7519 .1530

60 , 000 .0557 .7519 . 024 9

70,000 .0443 .7563 .0586

80 ,007 .0277  .7667 .0361

90 ,000 .0174 . 7 7 7 3  .0153

100 ,000 .00011 . 7 8 7 7  .0140

150 , 000 .000013 .~~237 .2215

200 ,000 .000002 .8811 .0002

3 5 7

d 

_ _ _.

~

l:

~

-

~~

. .

~

,

~.



AE 230 5/2306

PERF OR~L-~3:cE

AP?ENDIX II

DD-~ENST (7NAL 02:ALYSIS

358

_________________  — ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘ -



DIMENSIONAL ANALYS IS

Often in the study of equations in aircraft performance , an enormous

simplification results if we are able to reform the equations in terms of

dimensionless quantities . A dimensional analysis proves to be helpful for

this problem. Since both terms in a physical equation must have the same

dimensions, we may write any equation in a dimensionless form b~ dividing each

side of the equation by a quantit~ which has the dimens ions of the original

equation. The Buckingham Pi Theorem states this f a c t  and tells how many

dimensionless groups are important :

“If a physical equation exists between n q u a n t i t i e s , it may be expressed

equivalently as an equation between n—k dimensionless groups (-
~ groups)

of these quantities , where k is less than or equal to the number of

independent dimensions involved in the n quantities.”

Determining the proper n quantities for any physical prob1e~ fo- nulacion

is a matter of intuitive reasoning, experimental kncwledge of the i~~cr:ont

parameters or outri ght postulation of the form of the equation. The resulting

~ groups only insure that the equation is dimensionally homogeneous and do

not insure that it satisfies the basic laws governing the physical problem

for which the equation is to be applied. We wish to derive the groups

applicable to the equation governing the resultant aerodynamic force.

We may write

= 0

or using the  theorem

2’ ‘~~~k~ 
= 0
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Each dimensionless ir group has the form

abedefg
= ABCDEFG

whe re a through g are as yet unknown constant exponents. Usually the inde-

pendent dimensions are force , length and time so we may expect , in this case,

four (7—3) dimensionless ‘r groups in the equation for resultant force.

SubstitutIng force, length , and tine into the ~r expressions for A , B , C, D,

F, F, G and then using the fact that in order for the expressions to be

d~~aension less , the sum of the resul t ing exponents must be zero , al geb rar ic

equations using the resultant exponents may be solved. In order to clarify

the above principles of Dimensional Analysis , consider the following example :

DIMENSIONAL ANALYSIS OF

AIRPLANE DRAG

A consideration of all the variables that normally affect the aerodynamic

drag of an airplane in level flight produces the following

D = f (P , ~, ~, v , S , W)

Fluid Airplane
Properties Properties

The above statement is based on what is known (based on experience) to effect

the drag in level f l ight. The dimensional analysis that follows will yield a

more compact statement of the above and permit us to generalize drag data.

The dimensional analysis is accomplished by the procedure described below :

(1) Let n = number of variables — (n=7 the dependent variable Drag

(D) plus six independent variables (P, p , u, V , S, W) )

(2) Let k = number of dimensions describing the above variables —

(k=3) Mass, length and time

360 



(3) List the dimensions of each of the variab les

Variable Dimension MLT Dimention

D (drag lbs MLf2

P (Pressure) lbs/ft2 ~U~~
1T 2

2 2S (area) ft L

V (velocity) ft/sec LT 1

~ (viscosity) slug/ft—sec

(density) slug/ft3

— -)

W (weight) lbs

The rules of dimensional analysis state that 4 (n—k) dimensionless groups

~2’ ~~ 
7r~) can be formed and that the following can be stated

2’ 3~ 
‘ 4) 

= 0

or = 
“ 2~ 3~

or 
2 

= ~~~~ 3~
etc.

The problem now is to define the above groups.

a. First , pick the four (n—k) primary variables . ifl a general problem

any varIables can be selected ; however , in our problem we will specify

the four to be picked since we want to get the final result in a

specific form. The prirnar’,’ variables are identified by a dot .

D = f ( P , p. u , V , 5, ~)

b. In general , each dimensionless group is made up of a primary variable

and the remaining “unassigt~ed” variables. For our example , the groups
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are
a1 b c

~r1
(D P S 1 p 1)

a, b 2 c ,
(WP~~~~ ~~

a b c
~r3

=(V P s 3
~ )

a b c
= (ti , ‘ s p 4)

As shown above the primary variable in each group is assigned an exponent on

one. The objective now is to f ind the exponents (a , b , c) that will make each

group dimensionless.

iT
1

The first group ( r ,~) can be written as

—2 — l -2 
a
1 ~ b~ 

~ 
C
1

= (MLT ) (ML T ) (L~ ) (ML ) Equation 1
D P S p

In order for the above to be dimensionless the combined exponent of each

dimension must be zero. Thus, an equation for each dimension (~~~, L, T) can

be written as follows

M: l + a
1
+ 0 b

1
± c

1
0

L: 1 - a
1

2 b
1 -3c 1 0

T: —2 —2a
1
+ 0 b

1
— 0 c 1

0

Solving the above set of equations gives

a
1 = — l

b1 
= -1

= c
1 = O

3 € 2  
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The above exponents subst i tuted back into equation 1 gives the dimensionless

drag group.

7T
1 P S

Since weight (W) and drag (D) have the same dimensions the dimensionless

group T
2 

will be the same form as Thus

W
2 P S

~T
3

The group can be wri t ten as

-l -l -2 a3 , 
b

3 ~ 
C
33 = LT (XL T ) (L~ ) (ML ) Equation 2

V P S

The equations for M, L and T can be written and solved giving

a3 
= — 1/2

b 3 
= 0

C
3 

= 1/2

Substituting a3, b3 and c3 
back into equation 2 gives

1/2
= 

1/2p

‘4

The dimensionless group can be written as

— 1 — 1 ~. —l 
a , , 3 C4

= (ML T ) (ML T ) ( L )  (ML )

P S 0
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Again , the equation for M , L , and T can be writ ten and solved giving

a4 — l / 2
- 

b4 = — 1 / 2

— 1/2

—1/2 —1/2 —1/2Thus ~r4 = p  , S ,p  ,p

Each of the four dimensionless groups has been evaluated . They are

- = D  P-

—1 —1iT
2 W , P , S

-1/2 -1/2rr
3 

= V~ p , p

—1 /2 ,.—l/2 —1/2, , o

The dimensional analysis has taken the original statement

D = f ( P , p ,  u, V , S , W)

and “reduced” it to the following more compact statement

= 
“~~2 ’ ‘

~3~ ~4 )

or

~ — —  
~~~ 

1/2 1/2 u
— cs’ ‘ ‘ ‘ 

~,
1/2 ~~~ ~l/2~

We could stop at this point since we have accomplished our main objective of

obtaining a dimensionless form of the original drag equation . However , often

i t  is more desirable to reduce the equation f u r t h e r  in terms of measurable

3 6 4
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quanti t ies that have been corrected to standard day , sea level conditions .

We will now express the above groups in terms of more conventional looking

variables. The reasoning for the regrouping of variables will become obvious

later in the course.

D D 1
= = K

1 (i-) where K
1 

=

ssl

W ,, W 1
= = N , 

~~ 
where 

~
‘2 

=

ss 1

1/2 ,

= = K —j-
~
-
~ 

= K 3 
(M ) where K

3 
=

p T

_ 1  /~ ‘-~ K , S4 -~/R1~.1 ~;r e ~- e  ~~~ , = csl :sl
-4

- ssl

and PN: =

Our final result is

K1 ~~
- = f ( K

3~-~, K 2 ~~~ , ~~

The above results are just as useful if the ccnstoot terms are left out thus

giving

= f ( M , ~~~~, RNI)

The basic drag equatica is now in a form that lends itself to measurement

utilizing :~easurable aircraft parameters .
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MECHANICS REVIEW

SECTION I

INTRODUCTION

Mechanics is the science which analyzes the effects of forces on the

motion and/or shape of bodies. In mechanics , rest may be considered as a

special form of motion. In the analysis contained herein the bodies will be

considered as be ing rigid and only the effects of forces on the motion of the

body will be considered.

The effect of forces on the shape of bodies is in itself a specialized

branch of mechanics usually referred to as Strength of yaterials.

Rigid body mechanics may then be divided into the areas cf statics and

dynamics. In the static case:

a. F (suc~nation of forces) in an direction is equal to zero.

b. M (su~~1ation of moments) about any axis is equal to zero .

c. The body will ,remain in its state of uniform motion (or rest).

In the dynamic case the suomiation of the forces and/or moments are not equal

to zero and a linear or rotational acceleration (or-both) will be manifested

in the direction of the imbalance.

UNITS OF MEASUP.EMENT

In order to adequately describe physical phenomena it is necessary to

express these pehnomena in terms of physical dimensions or units. In order to

compare the physical phenomena of one system with those of another it is

necessary to have a standard system of units . Three basic concepts are re-

quired to analyze s~;stems of units. They are time , space and mass , and the

367
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uni ts requ ired to measure time , space and mass are called the fundamental units.

There are several systems of fundamental units : the kilogram — meter — sec.
system , the gram—centimeter—sec. system , and the slug—ft—sec. system .

In this course the slug—ft—sec. system will be used. The slug is defined

as the mass of a body that has 32.174 times the mass of a pound mass. The

pound mass (lb mass) is the mass of a standard platinum body retained in the

standards office in Westminster , London.

A foot is one third of a yard which is 3600/3937 meters. The meter is

the distance between two marks on a certain platinum iridium bar at the tempera-

ture of melting ice. This bar is retained at the International Bureau of

Weights and Measures near Paris. The second is defined as 1/86,400 part of a

mean sola r day . The mean solar day is the yearly average interval between

successive passes of the sun across a meridian.

POUND MASS, POUND FORCE AND ~E1ChT

The pound mass has been defined . The pound force is the force required

to accelerate a slug mass at the rate of 1 ft/sec2 . The pound force max’ also

be defined as the gravitational attraction exerted by the earth on a one pound

mass at sea level at 15 0 latitude. At sea level at 15° latitude the accelera—

tion due to the earth ’s attraction is 32 .174 ft/sec , hence the proportionality

between the lb mass and the slug.

The gravitational attraction exerted by the earth on a body is inversely

proportional to the square of the dIstance of the body from the center of the

earth. The gravitational attraction of the earth is also counterbalanced by

the earth ’s rotation. Table I shows the effect of latitude on the local

g r a vit a t i o n a l  acce le ra t ion .
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TABLE I

Variation of Sea Level Gravitational Acceleration with Latitude

Latitude Local Gravitational Local Gravitational
deg. Acceleration — ft/sec~ Acceleration/Standard

Gravitational Acceleration

0 32.088 0 . 9 9 7 3
20 32.108 0 . 9 9 7 9
40 32.158 0 .9995
45 32. 174 1.0000
60 32.215 1.0013
80 32.253 1.0024
90 32.258 1.0026

The decrease in local gravitational acceleration with increase in altitude is

I
approximately 0.003 ft/sec~ per thousand ft. Then at 45 0 l a t i t u d e  at 100 ,000

ft the gravitational acceleration is 31.874 ft/sec or approximately one

percent less than its value at sea le’;el.

The weight of a body is the gravitational attractIon force exerted cm the

body in its particular locality. At sea level at the standard latitude the

weight of the body in pounds is equal to the mass of the body in lbs. Then

the weight of the body may be determined by the expression :

C,
W = W* ~u~_

where -~~ is th: weigh t of the body in pounds at the s tandard  local i ty , g
~

is 32.174 ft/sec and g is the local gravitational acceleration . It should

be noted that the value of — is the mass of the body in slugs .g0

3,~ -ì
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OTHER QUANTITIES

From the fundamental units , all other physical quantities may be described.

For example , pressure is measured in terms of force per unit area (length

squared) and work is measured in terms of force times distance (length).

AXIS SYSTEMS

In order to analyze problems in mechanics it is necessary to describe a

system of coordinates to describe the fundamental concept of space. The ~±ght—

hand orthagonal axis system is sh-c;-~. in figure 1 for free space and for the

airp lane.

x 
x

Z FIG . I

In this axis system , positive linear and rotational quantitde~ and d i sp l a c e m e n t s

are in the directions as shown. The direction of positive rotational quantities

is obtained by orienting the thumb of the r ight  hand in the direction of the

a x is  and observing the curl of the f ingers  of the righ t hand .

For the orthogonal s’stem attached to the a~ r:~~are , L , M and N are the

oilf rc , pitching and yawing moments respectively , an . p , q and r are the

- lling , pitching and yawing velocities (rates) respectfvel-:.
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VECTORS

A vector is a quantity having magnitude , direction and a sense of direction .

A quantity which does not satisfy these criteria is not a vector and is called

a scalar. Examples of vector quantities are forces , distances , ~elocities ,

accelerations and moments. Examples of scalar quantities are timo , mas s,

energy and area. In describ ing a vector one should always include three

quantities: magnitude , direction and sense. For example the term “a ten lb

fo rce ” is meaningless whereas the term “a ten lb force a c t in g to the ri ght at

an angle of 30° above the horizon” is meaning ful.

Vector systems may be of various types , co—planar , non co—p lanar , con-

current , non concurren t , cc-linear , non co—linear and parallel. Co—planar

simply means that all vectors lie in the same plane , con—current means that

all vectors have the same line of acticn and parallel neano that all vectors

act in the same d i r e c tio n .

VECTOR ADDITION - T~ O DIMENSIONAL VECTORS

Consider a man walking in a field starting at the south—west corner. As

he moves we could express his path in the field by a series of vectors. For

- example he could move 20 0 north of east fo r  200 f t  and nor th  f o r  100 ft. His

gro und path is shown in Figure 2.

A -

~~~~~~~~

~~~~~~~ 
FIG. 2
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The net effect of the man’s walk was to move from point A to ~oint B. The

dashed line between A and B in figure 2 is the resultant of the two vectors

shown .

The resultant of a vector  system has the same overall effect as the

individual vectors.  The value of the resultan t may be determined by several

methods.

The first method is by use of the parallelogram law . In this method the

vec tors are placed “tail to tail” and the parallelogram is ccmrleted . The

r e su l t an t  is then as shown in fi gu ro 3.

~~~~~~~~~~~~~~~~~~~~~~

FIG .3

The same solution migh t have been obtained by using trigonometric considera-

tions . From the law of cosines:

2 2 2R = A + B — 2AB cos 3

or from the law of sines:

sin sin sin (l80—c ~ — E )
B A R

where the angles and the ‘ ectors A , B and R are defined in the Ficure 4.

—I
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In the t r i gonomet r i c  so lu t ion  we have in e f f e c t  merely  p laced the veot:-r~ “toil

to head ” and closed the t r iangle  as shown bel ow in F i qu r e  5.

FIG. 5
This closing of the t r i angle  method is app l i cab le  to all polygons and the solu-

t i o n  obtained is independent of the order of the vectors as shown In Figure 6.

FIGI 6
The f a c t  that  the order of the a d d i t i o n  of  the v e c t o r s  has not  changed their

re5ul t- ln t (
~om on st r a t e s  the conmiunitive prospects of vectors. Quantities which

do not possess the conmiunitive prospects are not vectors. Angular displacements

3 7 3
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have magnitude , direct ion and sense but are not  communitive . Consider fo r

example, an airplane in wings level flight that piethes 90° nose up, rolls 90°

right , and yaws 90 ° right. This airplane ’s f inal posi tion is along the initial

heading but 90 ° ri ght wing down . Consider now an airplane in wings level flight

which pitches 90° nose up, yaw 90° right and rolls 90° right. This airplane is

now on its back on a course perpendicular to the original course.

Probably the most commonly used method of vector addition and the one most

used in this course is the resolution of the component vectors into mutually

perpendicular components and determination of the resultant by use of the

Pythagorean Theorem. Consider the concurrent co—planar vectors A , B and C as

shown in Figure 7.

A 

~

FIG. 7

Each of these vectors has a component In the x and y directions as 1Thted

below:

A A cog ct B B cos S C C cos ax x x

A A sin -a B B sin~~ C C sin ay y y

3 7 4
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The resultan t of these vectors has components in the x and y directions

given by R and R where:
S 

S y

R = A  + 8  + C
x x x x

R = A  + B  + Cy y y y

Then the resultant R is equal to the square root of the sum of the squares

of the components of the resultant.

-~ y

and the angle between the resultant R and the X axis is equal to

R
tan~~ 

-
~~~~

- . Fi gure 8 presents these relationships .

V

• 

,
A~TA N ’ :;

FIG. 8

THREE DIMENSIONAL VECTORS — DIRECTIONS COSINES

In gene r al , vecto rs in space nay be resolved into th r ee  mutua l ly  perpendi—

cular components. Summation of the components in a given direc tion of all the

vectors to be considered will allow determination of the net effect of all the

vectors in that given direction. One method of resolving a three dimensional

375
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vector into mutually perpendicula r components is by the method of directional

cosines . Consider the three dimensional vector R as depicted in Figure 9.

V

, 
- 

~~~71

-

~~~~?~~~~~~~~~;7
LX

Z F )G .9

The angles and are the angles between R and the x, v and zy, y, z -

axes , respectively , measured in a p lane containing R and the respective axis.

Then the components of R in the x, y and directions are:

R = R cos 3
X x

R R cosy y

R = R cos -cz z

To demonstrate the validity of the above expressions let us assume the vectors

R , R , and R and determine t h e i r  r e su l t an t  R . Let us first find thex y 2

resultant of two vectors lying in a common p lane , say the xz plane . This

3 •;• s3

-- -—-.--
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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solution is obtained in Figure 10 where:

R = / R
2

+ R
2

Y

Z Ff6. 10

The vectors R and R are now in a common p lane and they may be resolvedy xz
into a single vector R . In figure 11 the comp lete solution is obtained where

/_
~~~~

—
~R = ~~~R + Ry xz

1
or by substituting fo r  ~

V

5—
- 

5-55-

55.- -.5-r~y
R R~ x

Z FIG. I I

3 7 7
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Then from f igure 11 for example:

• R = R  cos~~• x xz

R = R c o s 8xz

and

R = R c o s ci cosx

where cos 0 = cos a cos S
a

The component in a given direction of any vector is simply the product of

the magnitude of the vector times the cosine of the angle between the vector

and the desired direction.

3 7 3
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SECTION II

EQUIL 18 RI UN

Newton ’s first Law of Motion states that:

A body in a state of rest or uniform motion in a straigh t line will remain

in that state unless acted upon by external forces to change that state.

This law merely states that if the magnitude and direction of the velocity

of the body are not functions of tine t~ en the net external force on the body

is zero . If the net external force Is zero then the bod~.- is in equ i l ib r ium.

E OTIL IBR IUN FORCE SFSTENS

The simplest force sys tem is the co—li near  sy s tem which could be i l l u s t r a t e d

by a weigh t being supported by a cable. Figure 1 represents this system and

V shows tho free body diagram with an axis
_____ 

.

T sys tem superimposed . There are no

forces  in the  x d i r ec t i on .  For

i equi l ibr ium , the net f o r c e  in the ~

w J direction must equal zero. The n we car,

w r i t e  the equat ion :

F 0 + (assumed position

FIG. - direc t ion upwards

then :

T — W = O ;  T = W

Note that to solve the co—linear system only one equation was required.

Consider now a concurrent co—planar force system which might be represented

by a weight 5upported by the two non—vertical cables as shown in Figure 2.
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In Figure 2 we might replace the f ree  bod y diag ram by a sligh t ly  mo re simp le

diagram by realizing that a force may be considered to act at any point along

its line of action . For example a hori-

zontal p’osh on the rear of a wagon has :1

the same effect as a horizontal pull
Ta 

on the tongue of the wagon. The free

w .
~~~~~

. body diagram for  Figure 2 mi ght appear

as in Figure 3 with a superimposed axis

system. For equilibrium , force balance

must now be obtained in both  the  a and

FIG . 2 W y direct ions .

F = O ~~~~+

F , = 0 A +

Then:

I T
A

cos a _ T
B

c o s S = O

VT
~a TA s i n e + T B

s i n f _ W = O

T We now have two simultaneous equations

in two unknowns and the values of T
A

and T
B may be determined. Only two

Ff6. 3 •f o r c e  equations were required to solve

this  type of problem.
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0

The next force system to be considered is the parallel force system which

might be represented by a beam loaded arid supported as in Figure 4. In the

free body diag ram of Figure 4 , the re are no forces in the a direct ion but
S 

R R
Bthere are now two unknowns, and Y , hence two equations are required.

The forces in the y direction may be summed to yield

F 0 + + ;

A 

I - 

B c~~ 

-

1 

~~R BA Y  Y
FIG.4

In addition we must now insure the magnitudes of F and - y are such that

one end of the  beam will no t be lifted , or that there is no unbalanced moment

acting on the beam. To do this , we may sum moments about any po in t  and fo r

equilibrium re~ uire the net moment to equal zero. For example , let us sum

moments first about point A and then about point 3 and show that either

moment equation coupled with the force equation results in t h e sa me answer:

+ ;

Then our two simultaneous equations are :

R
A + R

B
— = 0

Z — . a = 0

331
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Summing moments about B yields

= 0 + ; R 1  + P (Z— ~) = 0

The two simultaneous equations are :

R~~~+~~~~~_ )  = 0

~ P ( i— a)  = 0

Solution of ei the r  set of simultaneous equat ions  gives :

R P (f—a)

Another force system to consider is the non—concurr ent , non—parallel , co—planar
force system. Ar. example of ouch a S stem is shown in Figure 5.

V Psin~

1-’ 
_ _ _ _ _ _ _ _ _ _ _ _

f t

- RA X~~ I1~ I.1 

~~ 
~
12 H R

Ff6 . 5
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I~n this system there are three unknowns
, , RA and R

B 
, and hence

a y y
three independent equations are required. For this system we may write:

~F 0 ; R  — P c o s O
x A

x

~~~~~ O ; R A ± R B  — W — P s i n O
- y y

ANY point O +
(e.g.  point A) (P  con -F) h— (P sin F-) a—W -~~+ R ’ t = 0

Let ’s pause a few moments and revIew some of the presented  concepts wi th  a few

- - sample problems illustrating their applications .

- 

- 

COUPLES

An in teres ting force sys tem is the coup le. The couple consists of two

parallel non co—linear fo rces  equal in magnitude but oppos i t e  in d I r e c t i o n .

Since the f or c o s  are parallel  a coup le must act in a p lane. Figure 6 yr e s e n t s

a coup le.

Since the forces constituting a ocuple are equal in magnitude and o- nrosite

in d i r ec t ion  the net force  exerted by a couple is zero .  The net  m oment  of a

couple about any perpendicular axis is a constant.
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SAMPLE PROBLEM # 1:

The airplane weights 16,000 ib, the thrust is 4,800 ib, the climb angle

is 10° and the angle of attack is 12°. Determine the aerodynamic force conipo—

nent parallel to the flig~it path (Drag) and perpendicular to the fl~~ht path

(Lift).

Thrust is 4,800 lb

SOLUTION: PITCH
= 0 + ANGLE ~~~~~~~ ‘-~~~~ 

-,.D
—4800cos12 + 16000 sinlO + d = 0 8 ~ 

FLIGHT
D = 4800 cosl2 — 16000 sin 10

4700 — 2780
D=1920

~F = 0 + +y
+4300 sinl2 — 16000 coslO + L = 0
L 16000 coslO — 4800 sinl2

= 15750 — 1000
LL 14750

384
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r~~~~
SAMPLE PROBLEM # 2

Determine the landing gear reactions when the airplane is at rest on the
runway ready for takeoff.

_____ 300” _ _ _ _ _ _

SOLUTION:

Assume = 0 (ie, all braking by main landing gear)

Z F y = O + +

R. + R. — 20000=0Ny Ny

L 2OOOO
~~~

R
N ~270

I0)0004{ 
_ _ _ _ _EFx = 0 + (Assume R~ 0) T

R,~~ - l0O00 = o  4’ t M~= 10000 — B ( 20 000‘
~Mx 

RN~ RM~
R~~ (30 — RN (270) + R.~~(6O) = 0
(20000 - R~~,) (30) — (RNY )(27O) + l0000)( 60 = 0

= 
(20000)(30) + (l0000)(60)

30+270

RN 1200000 4000 lb

R. = 20000 — R. = 16000 lb
Ny

~85

.~~~~~~ I.  

~~~~~~~~~ 
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Now let’s take the above aircraft and put it on the catapult of a carrier.

SA~~ LE PROBLEM # 3:

Determine the landing gear reaction with the system at rest and the hori—
zontaj. component of the gear reaction is zero. Holdback tension is 15,000 lb.

z7o~~~~~~~~~~~~~~~~~~
/7

~~~ -c iq 
10,000 (M B

~O11 

T ~~~BRIDLE~~~~~~~ H0LDBACK 60”_______L
300” (20 ”

SOLUTION :

Assume = R~~ = 0 
Ji~ 

270~~= 15000 io,~ooI 
—

= + 

~~~)
T20000 ~~~cto

THB ( 4 / 5 )  — T
Bcos3O — 10000 = 0

_ _ _ _ _ _ _ _  
300 -15000(4/5) — 10000 TBcos30 

N3 
(N Or TO SCALE )2130 lb = TB

EFy = O + ~~

RNGY + 
~~Gy 

— 20000 - TBsin3O_TUB (3/5) 0

RNGy + 20000 + 2310(.5 + 15000(3/5) - RN
R — 3 O 1 5 5 — R ~~,.4
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MCG 
= 0*

+ TBsin3O°(240) — TBcos3 O°(60) + RN~
30
~ 

— T~~ (3/5) (150) + THB (4/ S)( 6O) = 0

(30l55 R.~) (270) + (2310) (.5) (240) (2310)(.866) (60) + RM (3O) — (1500) (3/5) (150)

+ (l500) (4/5) (6O) = 0

RN = — (23l0)(.5)(240 ) + (2310)(.866) (60) + (l500)(3/5) (l50) (1500)(4/5)(6O)

x 2 7 0 + 3 0

+ (30155) (270)
270 + 30

= 
277000 + 120000 + 135000 — 72000 + 8140000

300

RN = 
80460 

= 26 ,900 lb

RN = 30155 — 26900 = 3,255 lb

COUPLES

An interesting force system is the couple. The couple consists of two

parallel non co—linear forces equal in magnitude but opposite in direction.

Since the forces are parallel a couple must act in a plane. Figure 6 presents

a couple.

Since the forces constituting a couple are equal in magnitude and opposite

in direction the net force exerted by the couple is zero. The net moment of

a couple about any perpendicular axis is a constant.

387
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Consider the moment exerted about first line ab, then line cd, then line ef.

a C S

L i f
: 

::.:~

÷

~ 

(d+ g) = P d

I M f + = P(d/2 )  + P (d/2)  = P .d
b d f

FIG. 6
In each case the net moment is equal to the product of P times d , the magni-

tude of the couple. Thus it is possible to have an infinite number of couples

of the same magnitude simply by varying the value of P and d while retaining

the values of their product.

A couple may be oriented in any manner in the plane in which it acts with-

out changing its magnitude. Consider the couple of Figure 6, oriented as in

Figure 7.

The moment of this couple about line ab

is given by:

N + — P i s i n G + P (d + i s i n G ) = Pd

I , ~~~~~~~~~ A::in the moment of the couple is the

product P times d

In su ary, a couple may be transformed

FIG. ? in the following ways without altering

the characteristics of the couple :

388 
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(1) Rotation of the couple in its plane.

(2) Displacement of the couple in the plane.

(3) Altering the distance between the forces of a couple and the magnitude

of the forces while retaining the product of the distance and the magnitude of

the forces.

(4) Movement of the couple to a parallel plane.

RESOLUTION OF A FORCE INTO A FORCE AND A COUPLE

In certain cases it is advantageous in aerodynamic considerations to resolve

a single force into an equivalent system with the force acting at another point.

Consider , for example, a force acting at a fixed distance from a known point as

shown in Figure 8.

4P 4P

d d - ~J
1I~ ‘A 

FIG 8 ~~‘A
FI G. 9

p

This system could be modified by adding equal and opposite co—linear forces of

magnitude P at point A without changing the system as in Figure 9. In Figure

9, two of the P forces may be combined to obtain a couple of magnitude P d

Then the system of Figure 9 may be expressed as a pure moment (couple) and a

force P as in Figure 10. The system of Figure 10 is identical to that of

Figure 8.
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\ This resolution is quite useful in

stability and control analysis. A

FIG. (0
logical explanation of the force

P
representation of the aerodynamic load

acting on a wing of unit span will

illustrate the equivalence of the

various force systems. Consider the

wing section immersed in a stream and

the pressure distribution is as shown

in Figure 1. Plus indicates a pressure

— + 
greater than ambient and negative,

pressure lower. The difference in

FI G. I I  pressure acting on the incremental

wing surface area, here denoted by

t~A , will develop an incremental aero-

dynamic force. Using the rules pre-

viously discussed , the incremental

forces can be summed to give a total

force. This force will have a unique

line of action and if this force is

X p 
F 

moved along the line of action until

it intersects the chord line the

B 
result is as shown in Figure 12. It

FIG ~~ is important to note that the force

system is unaltered. It is just

390
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transformed to the simplest form. Point A is normally referred to as the

center of pressure.

It is convenient to resolve this force into lift

L
and drag components and transform the system to

M B 
include a moment of a couple. This can be repre-

sented as shown in Figure 13, where the moment N
8

is approximately equal to (L.X~ ) . Again it should

B X p A be noted that the force system is unaltered and all

FIG. 13 representations require identical reactions at

point B for equilibrium. The point B is a con-

venient point in aerodynamic studies is named the

aerodynamic center . This concept will be covered

in detail later. It is used here simply to illustrate

the equivalence of the various force systems acting on a rigid body .

CENTER OF GRAVITY

A body may be considered as a composite of many particles each of which

is acted upon by the gravitational attraction force, the weight of the particle .

For all practical purposes , the force acting on each particle is parallel to

all the forces acting on the other particles. The weight of the body is the

sum of all the weights of the individual particles. It can then be shown that

there is a unique point in the body where the weight of the body may be con—

sidered to act and this unique point is defined as the body ’s center of gravity.

Consider a system of particles as shown in Figure 14. The sum of all the

forces is W , the weight of the body and is given by

w = w l +w 2 +w 3 +w 4

391

_ _ _



:1
For the body orientation of Figure 14, exerts a moment about the z axis

of magnitude W
3
x . Then if we were to replace the system in Figure 14 by a

single force with the same effect , we would wan t its magnitude to be W and

its moment about the z axis to be W 3x . Thus

W~~ W
W5~ = W

3
x or = = + w2 +

where X is the x coordinate of the center of gravity.

Y Similarly in Figure 14

w
~ 2z
L~ w

T
Reorientation of the body as in Figure

JL W4 W3 15 will allow determination of the third

_____ X ~~~ coordinate of the center of gravity .

w2 Z In Figure 15 the center of gravity mus t

be such that a moment equivalent to W1y
Z FI G. 14 is exerted about the x axis .

Then

W Y W
1y

X —?~ and

y J f r ~ - 
_ _ _ _ _ _ _W3

Then knowing x , Y and Z we know the

W2 point in the body where the resultant

weight of all the particles may be con—

I sidered to act, that point being the

F I G. 15

3 9 2



center of gravity. Thus far we have considered only a body made up of a finite

number of particles. In most cases the bodies in consideration will be made up

of a large number of particles and the process presented previously for deter-

mining the center of gravity would be cumbersome. A more general method for

determining the center of gravity is now presc~nted.

Consider the body depicted in Figure

16. A small segment of this body has the

volume and the weight of the small

segment is gtdA where is the density

___________________ 
of the incremental volume in slugs/ft3

and g is then the weight per unit

:~ 
~~~~~~~~~~~~~~~~~~

g

~~~~~~~~70Ut

Z 
FIG. 16 dN~~~~ Q g t d A~~~ x

The total moments then become

M = f ~ g t y dA

J M f ~g t x d A

The weight of the body is:

w = f g t c i A
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and the x and y coordinates of the center of gravity are expressed as:

M M
~~~~~~~~~ fpg t x d A  ~~~~~x J p g t y d A

W f p g t d A  W i p g t d A

If the body were homogeneous and of uniform thickness the z coordinate of the

center of gravity would be:

Z = t/2

Otherwise Z would be determined by the expression :

= 
fp g  t z ciA
f Q g t d A

I

3 9 4  
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SAIIPLE PROBLEM 1~ 4:

Determine the horizontal center of gravity location.

R,.,~ = 2000 lb RM 
= 18,000 lb

SOLUTION

~
NCG

_ O +  L x~~-~~
—2000(X ) + 18000 ~

‘30O — X ) = 0 
_____CG ______

— 18000(300)— 
20000 

_________ :300”
= ‘70 in 2P00 18,000

~CG 
—

SPRING S

A spring is a device which ~il1 displace proport ional ly  to the external

force exerted upon it ar~d which wi ll re tu rn  to its original share when the

external fc’rce is removed. In the displaced condition the internal force

3 55



is removed. In the displaced condition the internal forces developed by the

spring are equal to the external force applied . Springs may be compression

springs, tension springs or both. The spring modulus , k , is the propor-

tionality constant between the force exerted on a spring and the spring ’s

dIsplacement and is defined as:

k - 1~i~~ 
~s

Where F is the external force , S is the spring displacement. Thus the

units of k are force per unit  length . The relationship between F , S

and k is depicted in Figure 17.

Li.. For all spring applications in this

test it will be assumed that k will be

K a constant as shown in Figure 17.

As an example of spring character—

-J

~~~ _._
_/
‘ istics consider the equilibrium sYstem

of Figure 18. In this system the spring
SPRING DISPLACEMENT

must exert a force of P — lbs and theFIG. 17 a
spri ng mus t be def lected by an amount S

as given by:

— 
1~F

4 k - ~~~

a
~F P (1/a)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
k k

Another interesting application of

the spring is the a r t i f i c i al feel provided

FIG. IS

j
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in control system design. Consider as

an example of this application the cock-

pit control stick as shown in Figure 30.

Pepending on the type of control system

I employed and its particular geometry the

K 2 pilot might be interested in the amount

__
~~~~ d of force required to displace the stick

A V a given distance or really the gradient

-
~ TO CONTROL of stick force with stick deflection.

FIG 
To determine this gradient for the system

in question it is necessary to sum the

moments about any point on the stick.

For ease of calculation , sum moments

about point A using the free body

1/ diagram depicted in Figure 20, while
I-

i i  assuming that the angle is a small angle.

K2di~9 1~ Then assuming positive moments clockwise
• K 1 d~~8d 2

~F l — k ,d~~0 — k d ~~G = Os 2

/ The gradient of stick force with stick

deflection in radians through the neutral

F IG. 20
stick position is given by the expression:

dF
5 — 

lim
p’
s

dO A&-~0~~ O

dF 2
s d 

~dO~~~~~~~~~~l 2

397



,
~~~~~~~~~~~~~~ .- ._—~~~~~-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Realizing that stick grip deflection is

equal to 1 then the gradient of stick

force with stick deflection through the

neutral position is given by:
CYLINDER SPRING

~~ (k
1 

+ k2
)

PUSHROD
Another interesting variation of the

U-
spring which warrants mention is the pre—

K 
loaded spring. A schematic of the pre—

loaded spring and its force with displace—

PRELOAD ment characteristic are presented in Figure

< / 21. This spring has been compressed in
SPRING DISPLACEMENT-S

FIG. 2 1 order to fit the cylinder and any force

exerted on the push rod must first overcome the preload before the spring will

be displaced . This type spring will be used in later analyses of airplan€.

stability and control characteristics.

I
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SANPLE PROBLEM // 5:

Determine the force, F , required to deflect the lever arm one inch at

point, P . The combined spring constant is 80 lb/in. Assume small angles.

. F

~~~Ir

/ )r-F$

I SOLUTION

~~ 

displacement of spring 

~~~ ~~~~~~~~~~~~~

_F
s

(lO) + (80 lb/IN) ~S (4) = 0 RA X
Ay

by similar triangles,

4/18 = or ~s 4/ 18

Then —F (18) + (80 lb/IN) (4/18) (4) = 0

(80 lb/IN) (4”) (4”~F
5 

= 
(18)(l8”)

F
s = 3•96 L8

I

399 



*
APPENDIX B - STUDENT EVALUATION QUESTIONNAI RE

AE 2036 , “AIRCRAFT PERFORMANCE , CONTRO L AND STABILITY , 2UARTER I , 1976-77

?lease answer these questions as completely and candidly as possible. The
resul ts will in NO fashion affec t your gr ade , but will be utilized in
assessing the value and desirability of this method of instruction .

Where you are given a scale on which to indicate your opinion, a descrip-
tive word (or words) is provided to define each extreme. Please consider
the scale linear with the mean midway between 2 and 3. You may thus
circle 1, 2, 3, or 4 to indicate your own attitude relative to the ex—
trentes. Any amplifying comments you may wish to add to any question will
be greatly appreciated. (Use the back of the questionnaire or attach
additional pages , as desired.)

1. How many previous courses (of any duration , here at NPS or elsewhere)
have you taken which were

SELF STUDY 2.0 SELF PACED I 2.75
PROGRAN~ED 3.0

2. Indicate your opinion of the utility of the following educational in-
novations (NOTE : These fea tures may or may NOT have been included
in this course.)

AVERAGE
a. Defi ned RAT ING

Objectives (no value) 1 2 3 4 (great value) 3.875

b. Self-Study
Concept (no value) .1. 2 3 4 (great value) 2.8125

c. Self—Paced
Instruction (no value) 1 2 3 4 (great value) 3.0

d. Study Guide (no val ue) 1 2 3 4 (great value) 3.25

e. Unit Tests (no value ) 1 2 3 4 (great value) 3.375

f. Group
Discussions (no value) 1 2 3 4 (great value) 3.25

g. Individual
2 Tutoring (no value) 1 2 3 4 (great value) 3.5

h. Final Exam (no value) 1 2 3 4 (great value) N/A

*
Boxed values indicate the average results of Questionnaires returned

to the writer.

•1
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The following questions pertain to the materials/methods used in this
course. Please consider each question as it reflects on the course as
a whole, then circle or underline your opinion. Then below each
question, identify any unit (or section) to which your general answer
does not apply and explain why. You will probably find it useful to
have your course materials at hand while considering these questions.

• 3. How would you rate the clarity of the Course OBJECTIVES?

(obscure) 1 2 3 4 (clear )
Exceptions:

I Average rating — 
3.375 I

4. Did you find the Study Guides understandable?

(obscure) 1 2 3 4 (clear)
Exceptions:

I Average rating - 3.0

5. What is your opinion of the organization of the Study Guides?

(confused) 1 2 3 4 (logical)
Exceptions :

Average rating - 3.125

6. Were sufficient graphs/diagrams/etc. provided in the Study Guides?

( f a r too few) 1 2 3 4 (far  too many)
Exceptions :

I Average rating — 
2 . 7 5

7. Were there enough example problems provided in the Study Guides?

(far  too few) 1 2 3 4 (far  too many )
Examples:

I Average rating - 2.5 I
8. Were there enough homework problems provided to cover the material?

(far  too few) 1 2 3 4 (far too many )
Exceptions:

I Average rating 
- 3.0 I
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9. Was a correct portion of the quarter allocated for the completion
of each unit in the course?

(too little time) 1 2 3 4 (too much time)
Exceptions:

Average rating 
— 3.125 I

10. Outside of the scheduled problem sessions, on the average , how many
times did you consult the instructor for advice/assistance per
unit?

Exceptions:

Average — 1.375 times

11. Did you seek advice/assistance from your classmates?

(seldom) 1 2 3 4 (regularly)
Exceptions:

. 1 Average rating - 2.25 I
12. How do you feel the course materials aided you in preparing for the

unit tests?

(useless) 1 2 3 4 (invaluable)
Exceptions:

I Average rating — 3.625

13. How beneficial were the check tests in preparing for the unit
quizzes/final exam?

(useless) 1 2 3 4 ~invaluable)
Exceptions:

• I Average rating — 3.625 I
14. Estimate the percentage of your total study time expended on this

course.

I Average rating - 14.375% I
15. Do you feel any unit was excessively long or short?

(I f  so please identify and comment.)

Unit One (Long) — 1
Unit FOur(Short) - 1

4
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16. How do you feel the amount you learned using this controlled ,
self—study method compares with what you would have learned in a
conventional lecture course?
(less in this course; about the same ; more in this course)

~~~~~ I 1 2 1  L 2

17. For several reasons this course was run on a controlled-pace
basis.

a. Would you have liked the course better if it were
completely self—paced?

Y e s — 2 1
No

b. If it were run on a completely self—paced basis, when do you
think you would have finished the course?

Early — 3
On t i m e — 4
Late - i

18. If you took a self-paced course and you were among the first
students to successfull y f inish a unit, would you be willing to
serve as a tutor to those having more difficulty? (Please comment)

Y e s — 6 1
No _ 2 ]

19. Assuming unit tests would be retaken until mastery of material is
essentially demonstrated (score o~ 90% or better ) ,  and that
failure of a unit test would not be held against you, would it
be better to have more comprehensive unit tests and use a f inal
exam for your course grade?

20. Would you prefer unit tests to be

Closed book? 1
Open book? 3.5
Par t open ,
par t closed? 3

Oral? .5

4 0 3
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21. To what extent has participation in this course improved your
ability to “decipher” a typical texthook or technical paper?

little — 4
much - 4

22. Given the choice of some type of self-study method as opposed to
instruction using the conventiona l lecture method , which would
you prefer?
(Yo u may qualif y your answer in any way you choose . . .  but
please give your reasons. This is your chance to comment on
anything you feel this questionnaire overlooked.)

self study 4
lecture 4

23. Would you like to take all your courses by some type of self—
study method?

undecided

24. Are there any additional comments or suggestions you wish to mak e
regarding the course material , admi nistration of the course and
any other facet of AE 2036?

(PLEAS E SEE APPENDIX C FOR COMMENTS)
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APP ENDIX C — SELECTED COMMENTS EXTRACTED FROM
STUDENT QUESTI ONNA IRES AND CRITI QUE SESSION

Question 2a.

“I feel there is hardly a more important aspect of a course than an
explicit definitior of the specific overall and particular objectives to
be attained by course 5tudy. In many courses, a tremendous amount of
time may be was:e~. s~ .~dying material that is not really part of the
course . When a t~ st is given, the student may be well prepared in an
area that is not emphasized on the test and was not made clear as an im-
portant area to the student in class. Therefore, the grade will not have
much meaning. Very unproductive, inefficient arid frustrating to the
student.”

Question 2b.

“I also agree strongly with the self—study concept. It is very waste-
fu l  to sit in class taking notes , merely reproducing the lecturer’s notes
or thoughts on paper with l i t.le  or no understanding for the student. The
instructor should have his notes , thoughts, etc. already on paper and
should ut i l ize class time for explanation of d i f f i cu l t  topics , applica-
tion of concepts and questions.”

Question 2c.

“Although I like the self—paced concept, if a concept, if a PSI
course is properly prepared , i t  ‘gill be geared for an average student.
With clearly defined objectives and productive class tine (used for study ,
questions and applications) the course constraint of completion in 11
weeks should not impose a detrimenta l factor on the class. It could be
an administrative nightmare if no time constraints whatsoever were given.
In this course, being able to take the uni t  tests at our own pace was
very helpful , especial ly  at periods when other course tests required an
abnormal workload.”

Question d.

“ I f  by study guide, you mean the text we used, naturally it is the
key to an effective PSI course as it contains all material and objectives
and should contain study questions , problems, applications and solutions.”

Question 2e.

“The u n i t  test (frequent) is excellent. In my point of view , having
~ mid-term and then a final (closed book) imposes an unnecessary burden
nf havi:.c to memorize (even with understanding) the material. Nany times
.~ st ~~d~~t . t  nay understand the material and be able to apply the material ,
bu~ ‘~ ... ‘ t r n ~!rnber all of the concepts in a test if it is closed book.
At  any rate , ~nless the material presented in the course is bas c material

in follow on :~~irses , the concepts will be forgotten. But, the
st~jd~ n t  ~ r~~b a ni y  will be able to pick u:~ the text as a reference to pull
out t:lo r’.lteri:l he needs.”
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Question 2f.

“Group discussions generally get off  track , are permeated by mid—
understanding and waste time ; however , if such a discussion can be con-
trolled (difficult) and directed (by the instructor) and prepared for
(by the student) they may prove highly beneficial when discussing
applications.”

Question 2g.

“Individual tutoring benefit depends wholly on the student (assum-
irig the instructor is competent). The good student finds little bene-
fit in it while the slow student may find it invaluable.”

Question 14, 15.

“Although the time I spent on this course wa’~ well below average
and therefore it seemed that the unit was a little short, it is also
true that the concise objectives and detailed course emphasis items
aided grea tly in timely completion. I knew that the unit test would
closely follow the given objectives and problems and that if I knew all
of the objec tives and could work all of the sample problems , I had ful-
filled the course intent and could easily pass the test which followed
the objectives (which it should). No time was wasted on memorizing
formulas or derivations (soon to be forgotten) and no time was wasted
searching the principles for some obscure application that the instruc-
tor might seize upon to see “if the student really knows what ’s going
on ”. There should never be any trick ~uestions or applications in a
course. It should all be covered , and was covered well; therefore ,
little wasted time and effort on my part. I knew where I was going

-~ - 
and knew when I got there.”

Question 16.

“In the ‘standard’ lecture course, much time that could be used
for understanding is wasted while copying the instructor ’s words. Then,
many times you have to recopy those notes and reorganize. One of tne
more beneficial features in this course was an emphasis on getting an
actual “feel” for how the course subjects affect the actual aircraft
performance and not just a mathematical ability to manipulate data to
get numerical answers. Again, the naval officer is not a budding re-
search engineer. He must be management minded but must have the tech-
nical understanding to work with practicing engineers.”

“Because I could control my own rate of advance, concentrating on
my problem areas, and ask questions only on my problem areas, avail-
ability of the instructor/proctor was the key to the success of this
course for me. The control text was excellent, and when I did need
help,  it was always readily enough available so I was not slowed down
over a rather small point.”
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Question 18.

“If I could manage it without interfering with my other studies.”

“Finishing early doesn ’t necessar ily mean you know or learned more
than those still struggling with it.”

“It would help to fire up the ideas as well as help the other
student.”

Question 19.

“I don’t believe in final exams. Quizzes could be more comprehen-
sive only if the amount of material covered is reduced.”

“NO!! Don ’t mess with a good system!”

“No, Too scary to hang it all out on one day ’s performance.”

Question 20.

“Part open — for detailed applications of concepts and lengthly prob-
lems solutions where required to eliminate memorization. Part closed -
to ensure that the student has mastered the bas ic vocabulary, definitions
and concepts presented in the course. This, I don ’t term as memorization ,
as there must be a data base from which the student has to draw in his

• head or he will not even be able to carry on an intelligent discussion
of the material without having to look up the definition of aspect ratio,
etc.”

Question 21.

“I don ’t feel that this particular course has helped me improve my
• ability to decipher a technical text as most of the courses I have taken

were lacking in objectives and direction and have roquired much decipher-
ing . I have had enough practice at that, do not find myself particularly
adept at it, and hate it.”

‘In the area of the material of this course, I feel I have learned ,
and wil l  retain , many broad introductory concepts of stability and con-
trol that are basic to any discussion of aircraft aerodynamics.”

Question 22.

“I prefer PSI, if an instructor/qualified tutor is available. It
allows the mature student to manage his academic workload just as he
would manage a production workload .”

“This course is run very well with no problems.”

“Better opportunity to ask questions when needed , better understand—
ing of material, easier to give practical applications of fundamentals. ”

I
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Question 23.

“In general, I strongly support the PSI concept. Some courses, by
their very nature, do not lend themselves to PSI application as every
concept is extremely complex and difficult to understand . Although a
sufficient PSI course should be able to be prepared covering subjects
of any complexity and difficulty , it may impose quite an administrative
burden in that preparation and frequent instructor amplification may
still be required. In courses of this nature , it is still better with
a modified PSI approach than the s traight lecture mode with its built
in inefficiency. The instructor may still have to spend a significant
portion of the class period at the blackboard in exp lanations , but
will never have to waste time merely delivering the material to the
student. If the text, with objectives , questions , sample problems and
solutions is prepared correctly , it will be entirely obvious to the
student if he required instructor amplification of the material.”

“IF the text was as well prepared as the control portion of this
course , and IF the instructor was available.”

“I feel that many students have not separated the purely adininistra—
tive factors of typographical errors (as we had many of) from th’?lr
evaluation of PSI. In addition , o’er dimensional analysis and fluids
course is touted to be PSI, hos “turned off many” as the course and con-
cepts are obscure, technical ano in many cases , without phycical appli-
cation or parallel. This is in a fairly well prepared PSI course. In
the case of fluidr , slogging through a difficult text, not a very well
prepared PSI course but a technical text , has caused a distorte i view
of PSI. Just an obseivation.”

“Good course but depends a lot on experienced levels of students.
Much of the material was easy to figure out if you have flown airplanes
and had a basis for comparisons. Otherwise it would have been much
more difficult. ’

“I think that in general the course we have just taken wos well pre-
pared , comprehensive, ob jective , suited for Navai Officers try ino to
gain understanding and application of the principles and not derivations
and proofs (which will soon be forgotten any-~a:). The organization was
good and the graphs were well suited in providing a visual ropresen~ a-
tion of the material. The objectives, study problems m d  s~ j:.plenentaI
problems were excellent, and the number of units given during the quarter
seemed well determined. The course material/objectives/problems very
well represented the tested material or vice versa.”

4
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