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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

—-.             * 
Symbol 

Metric              "T" English                _   ;. 

„    Unit :_ Äbbrevia-. 
-tion ' - :L.       Unit      .- Abbrevia-. 

.^tion       , 

Time..—-.— 
-\ 1 
-~ .  t ■    ■ 

m . : 
■''.■-■■ »■ •' 

-.:-kg ; 

ioot (or mile)  ft (or mi) - 
seo (or hr) 
lb  , .„■.,,..■ 

second (or hour) .... 
weight of 1 pound..... weight of 1 kilogram. ._ 

Power....... r,' PJ-" 
V 

■     /     ',             _                         .''I-.-" 

horsepower..   _;' ... 
mph   _, 
fpS            -%    -7^~.. \meters per second. ...... 

kph 
mps 

^miles'per hour. . — 
■feet per second—'- ..... 

-Weight=tij0;V ' ; , 
Standard acceleration of 
^ or 32;i740 ftZBeo?-, " ^ 

'    ..W..r?ri-   /'.V,- • 

2. GENERAL SYMBOLS /■ 

ravity=9.80665 m/s1 

Moment  of inertia^m^*.   indicate s&ads  of- 
? ^radius of gyration k by proper subscript.)"'- 
Coefficient oTviscosity J "       ^ '   : 

Kinematic viscosity % ~.^^   ----   --r- j 
p        ^Density^niasa per unit Tolutne)   ^-"-    ~'^f?- ^ 
Standard densit&of dry air, 0.1249^ kg-m-*«* at 15* C_ 
^Tand- 760 mm; or 0.002378, lb-ft-*_seß*_*-->/"-" > " -    ' 
Spj3cffi<rweight~of "standard?,Jair, 1325&^m*n« 
- 0^)7651 lb/cuft       -N       ^".-■...:? --•.."^^'-.'"1; 

I. AERODYNAMIC SYMBOLS, 

-Area ;r, " •'.__, 
Area of^ wing 
Gap  y 

Span 
Chord1 

C 

J»^ Aspect raub,^- -~ 

True air speed     -        -        ^   . 

TJynamio pressure, TjpV*       ""   ■ 

Lift^absölüte coefficient @L=jjg 

Drag, absolutfrtoefficient QD=Zö 

_#> Profile drag, absolute coefficient ^D0=r--^ 

Induced dr§g, absolute coefficient 0Ot=.-s 

Parasite drag, absolute coefficient @DP=~Z§ 

Cross-wind force^ absolute coefficient Cc=rg 
O 

;R»' 
■it ' 

■3*. 

a« 

Angle of setting of wings (relative to thrust'line) 
Angle of stabilizer "setting (relative ta tfaruslf 

r^line)J;'-..'• '--■' ■*■£/--.'--^Kr~-i^'^-^''1?--*!,, 
'■..-Resultant moment^J -;-■'■ :;-jr, - :'5>-^~. ^"'"-'""t 

Resultanfangular/velocity ^"_- <i.r~ v^ ,:.i 
'-.' --^ -•-'-.'-*- - • ^'--.-.p7: :C t-- ' ;—".*•■ •*?' 
Reynolds number, p— where iis a linear dimen- - 

- «on (e.g., for an airfoil of 1.0 ft chord, 100 mph; 
;,,;   standard pressure at 15° Or the-cörresppnding 

Reynolds number is 935,400; ortor an airfoil 
-of 1.0 m chords 100 mps,^the cörr^onding; 

;~ Reynolds number is 6,865,000).      <"V("   > ;-; 
,  Angle of attack     "^ -   .^     -   ,-;- vV   /"7-v 

Angle of downwash    _.     .." -•"'-"*^-.,'—''.1 , •^"■ 
Angle of attack7infinite aspect ratio    ~ >-'   -^ 

-^Angle of attack, induced "..-'   —      ; ^v^ ^"   V 
Angle of attack, absolute (measured from zero- _ 

:'_ bit position) ;--'/ 'J^: ',--'/'frrr'-■>'■•■'■ ..-^"' 
:-' Flight-path angle  " .TV-        ' /.J".^"...'    , :      •-,; 
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STABILITY DERIVATIVES AT SUPERSONIC SPEEDS 
OF THIN RECTANGULAR WINGS WITH DIAGONALS AHEAD OF TIP MACH LINES 

By SIDNEY M. HARMON 

SUMMARY 

Theoretical results are obtained, by means of the linearized 
theory, for the surface-velocity-potential functions, surface- 
pressure distributions, and stability derivatives for various 
motions at supersonic speeds of thin flat rectangular wings 
without dihedral. The investigation includes steady and accel- 
erated vertical and longitudinal motions and steady rolling, 
yawing, sideslipping, and pitching for Mach numbers and 
aspect ratios greater than those for which the Mach line from 
the leading edge of the tip section intersects the trailing edge 
of the opposite tip section. The stability derivatives are derived 
with respect to principal body axes and then transformed to a 
system of stability axes. In the case of yawing, a treatment for 
the infinitely long wing which takes account of the spanwise 
variation in the stream Mach number is extended to the finite 
wing, and a plausible, although not rigorous, solution is obtained 
for the wing tip' effects. 

The results for this investigation showed that positive yawing 
at supersonic speeds may produce a negative rolling moment 
in contrast to the behavior at subsonic speeds where a positive 
rolling moment would be produced. The attainment of super- 
sonic speed should produce a significant change in the positive 
direction of the yawing moment per unit rolling velocity. The 
results also indicate that unstable tendencies are produced by 
vertical accelerations if 

o 

where A is wing aspect ratio and M is stream Mach number. 

INTRODUCTION 

Recent developments in supersonic airfoil theory (refer- 
ences 1 to 4) have led to the calculation of many of the 
supersonic stability derivatives for various plan forms. In 
references 5 to 8, various theoretical supersonic stability 
derivatives for small disturbances are presented for thin flat 
wings of delta plan form. In reference 9, the supersonic 
damping due to rolling is given for triangular, trapezoidal, 
and related plan forms. 

In the present paper the methods of references 4, 10, and 
11, which are based on the linearized theory for a uniform 
stream Mach number, are used to derive the supersonic 
surface-velocity-potential functions for thin flat rectangular 
wings without dihedral in steady and accelerated vertical 
motions and steady rolling, sideslipping, and pitching 
motions.   The potential functions that are obtained are then 

853013—50 

used to derive formulas for the pressure distributions and the 
stability derivatives for the foregoing motions and also for 
steady yawing. In the case of yawing, a simple treatment 
given in reference 7 for the infinitely long wing, which takes 
account of the spanwise variation in stream Mach number 
associated wTith yawing, has shown that the assumption of a 
uniform Mach number is far from adequate to describe the 
compressibility effects. This treatment is extended herein 
in order to evaluate the wing tip effects for the yawing finite- 
span wing. 

The steady motions that are treated herein are assumed 
to give small deviations from the undisturbed flight path 
and the accelerated motions are assumed to have small 
accelerations. Theoretical results based on this assumption 
for steady motions have, in general, been found to be reliable; 
however, the reliability of such results for unsteady motions 
is as yet unverified. The results presented herein cover a 
range of Mach number and aspect ratio greater than that 
for which the Mach line from the leading edge of the tip 
section intersects the trailing edge of the opposite tip section. 

SYMBOLS 

x,y rectangular coordinates (see fig. 1) 
u0,v0 induced flow velocities along x- and y-axes, 

respectively 
I coordinate in flight direction if this direction 

is inclined to x-axis 
u,v,w incremental flight velocities along x-, y-, and 

2-axes, respectively (see fig. 2) 
ü derivative of u with respect to time 
w accelerated vertical motion 
V undisturbed flight velocity 
V local flight velocity after disturbance; used to 

indicate  inclination  of  flight  direction   to 
x-axis (see fig. 1) 

p,a,r angular velocities about x-, y-,  and  s-axes, 
respectively (see fig. 2) 

a speed of sound 
M stream Mach number (V/a) 

B= \M2-A 

p Mach angle ( shv1^) 

a wing angle of attack in steady flight, radians 
(w/V) 

a' local inclination of airfoil surface with respect 

to free stream, radians {y,uJ 
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(', rolling moment coelficient derivative of e with respect to time 

time following disturbance, seconds 

angle of sideslip. I'adians ii\V) 

chord 
wing semispan 

wing span 

total wing area 
region of integration over portion of wing 

sui'face (see tig. '■'>) 

■   (->>■       I>\ aspect ratio (    ,  or -7 I 

distance of origin of stability  axes  from   the   1 
midchord    point,    measured    alone;   ./-axis, 

positive ahead of midchord point 

mass density ol air 
disturbance-velocity potential on upper sur- 

face of airfoil 

auxiliary variables which replace s and //, re- 

spectively (see lie;. I) 

indicates a transformation of origin of /- and 

//-axes or $- and ?;-axes from leading edge of 

editor section to leading edge of tip section 

(t/a—i/—/t on right half-wing; .'/„=—.'/—A 

on left half-wing) 
pressure difference between lower and upper 

surfaces  of  airfoil, positive   in direction of 

lift, 
nondimensional coeiricient expressing ratio of 

pressure    difference    between    lower    and 
upper   surfaces   of   airfoil   to   free-stream 

Subscript: 

1,2 

dynamic pressure 
r- 

constanl given by ('((tuition (!)) 
induced  suction  force on  wing  tip  per  unit 

length of tip 
forces parallel to f-, (/-, and c-axes, respectively 

(see fig. 2) 

longitudinal-force coefficient /     '       \ 
V-S 

lateral-force coeflicient 

vertical-force coeflicient 

skin-friction drag coeflicient 
(Skin-friction draiA 

:.-«   ) 

moments about /-, ij-, and r-axes, respec- 

tively (see fig. 2); M is also used to refer to 

Mach number 

pitching-niomenl coellicient. 

vawiiur-moment coellicient 

contributions ol normal pressures and skin 

friction, respectively, to ('„_; also used to 

indicate component parts of C,u f'/Vi C,„-Tt 

('■/    and ('.„ 

Superscript 

ir, p contributions caused  by vertical motion and 

rolling motion, respectively 

Whenever p, q, /', ß, a, 11, <V, and ü are used as subscripts, 

a nondimensional derivative is indicated and this derivative 

is the slope through zero.     For example: 

C 

(\, 

-   dC,   - 

"   of,,,   " 

* K&U- 

ö<*„\ 

'■-■■ ■(!■). 

,/-.<] 

c\ 
or, 

Cm 

Cm 

LOJ     " K£)J 

" dCm   ' 

'   dCm 

r. öß )> ,, Cm 
dCm   - 

I'nprimed stability derivatives refer to principal body 

axes; primed stability derivatives refer to stability axes. 

ANALYSIS 

CKNKHAI. (ONCKI'TS 

The coordinate axes and the symbols used in the analysis 

of the rectangular wing are shown in figure I. The derivation 
of the formulas for the siirface-veloeity-potential functions, 

pressure distributions, and stability derivatives is made 

initially with reference to principal body axes which are lixed 

in  the wing with  the origin at the midchord  of the center 

section ( ;;, (I, 0 ).  This system of axes is shown in figure 2 (a). 

The transformation of these stability derivatives to a system 

of stability axes (fig. 2 (b)) is discussed in the section entitled 

"Results and Discussion.'' 
The stability derivatives are determined from integrations 

of the forces and moments over the wiiiir.   For vertical and 
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FHii'KK t.    A\csand nolation used in analysis. 

pitching motions which yield equal mid opposite suction 

forces along the cdye of each win»; tip, the only resultant 

forces and moments acting on the win»;, if skin friction is 
neglected, are those caused !>y the pressures on the airfoil 

surfaces. These pressures are obtained from the familiar 

Bernoulli equation. In rolling, yawing, or sideslipping, how- 
ever, unbalanced suction forces which produce lateral forces 

and yawing moments are induced alonir the win»; tips in 
addition to the forces and moments resulting from the pres- 

sure normal to the wins; surface. The subsequent analysis 

for the calculation of the stability derivatives is then resolved 

to a determination of the pressure distribution normal to the 

surface and the unbalanced suction forces along the winy-tip 

edges. 

The pressure difference between the upper and lower 

surfaces (positive upward I at any point on the win«; is 

determined from the general Bernoulli equation for small 

disturbances as 

Si' 
.,   /   .,d4>    d*\ 
2pV   oi + dt) (I) 

,Z   w,Z 

lb) 

(a)  Principal body axes.    Origin at center of wini:. 

(I)) .Stability axes.   Orient at point ( -„—i,,.().() ). 

Principal body axes dotted for comparison. 

Fl'it'KK ■>.     Velocities, fold's, and moments relative lo principal hudy and stability axes. 

where V is the local flight velocity and / refers to a coordi- 

nate measured in the (light direction. The term d<t>/dt ex- 
presses the effect of any unsteadiness in the flow. The 

velocity potential 4> in equation (1 ) must be determined so as 

to satisfy the linearized partial-differential equation (with 
time dependency if the motion is unsteady) of the flow and 
the boundary conditions associated with the particular mo- 

tion under consideration. Thus, the potential must give 
streamlines that are tangent to the airfoil surface and a pres- 

sure field that is continuous at all points exterior to the 

winy. Equation (I) shows that the pressure distribution 
on the winy is determined when the surface-potential function 
is found. 

The method of reference 4 isinyeneral adaptable to t he prob- 

lem of obtaininy the surface-potential function* in supersonic 

(light  lo  meet  boundary conditions  associated  with   small 
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steady motions, such as vertical mouons. rolling, sideslipping. 

.m,l   pitchin-.     Tlii> method is all extension, to include tip ef- 
fects of the work of I'liekell and ol hers which uses the super- 

portion of elementary source solutions lo ol,lain llie potential 

r„n(.llon.     [„ cases where a  point on the win- is mlluenced 

|,vi wo or more mutuallv interacting external lields. (lie mler-   j 

,;.,!„„  introduces didiculties in the solution  lor the surlace 

(x.ti-Mliiil.     (See also reference 12.)     1 f any point on I he win-   j 

is mlluenced l>v onlv one independent external held, however, 

the potential 'function  in  a  re-ion  allVcled  l.y the wing tip   j 

m;1v he ohtamed  h.v  integral ion of elemenlary source sohl-    j 

,i,ms   solely   over   mi   n ppropi'inte   area   of   the   win-.      I he    J 

stren-th of these sources is shown lo he a function only ol the 
locafslope of the airfoil surface  with  reference  lo  llie  free-   j 

stream direction.     Inasmuch as the slope of .he mrioil sur-   j 

fan- with reference to the free-stream direction is known lor a 

-iven motion, tin- distrihution of sources is known and. con- 

sequently, the distribution of the surface-potent nil function 

is determined  l.y an integration of tin' elementary source 

solutions over an appropriate area of the win-. 
Vs applied to the rectangular wing at supersonic speeds, 

the foregoin- method of reference 4 for one independent 

exiernaffield is valid as Ion- as the foremost Mad! wave 
from one tip does not intersect the opposite tip, that, is for 

Mack numbers and aspect ratios for which .1/^1. I'or 

this case, the potential at a point on the top surlace ol a 
thin Hat win- may be determined by means of equation (14) 

of reference 4 and is as follows: 

V  f f «' </£ 'h; m 

where a' represents the local angle of attack of the auloil 

surface at the point (^„l. I'V'»«' :! *»">ws ,l »M»eal rp-1,m 

X for determinin- the potential at a point (.<■,?/„) m " 

,,-<•.an-ular win-. The figure shows the boundaries Nrr over 

which the inte-ration must be performed, for a point (./•.//„) 

which is aliened l>v the wing-tip re-ion. If the point 

,,-,/ ) is located at or inboard of the foremost Mach line 

from the tip. this point is unaffected by the tip region ami 

N„ is bounded bv the leading edge and the Much forecone 
f,.om (,,,;„). Sup|)ose that the surface potential </>(.'',?/) has 

hern obtained from equation (2) or by some oilier method, 

then the differentiation of <t> with respect to the coordinate 
i„ ,1„. free-stream direction determines the pressure distri- 

bution bv means of the Bernoulli relation, equation (I ). 
The expressions for determining: the surface potential and 

,1„. pressure coeflieient for unsteady motions are discussed 

in ,1„. section entitled "Derivation of Formulas." 

I > !•: It IV A I ION  OF  K.KM II.AS 

The subsequent derivation of formulas for the various 

motions will involve first the determination of distributions 

of surface potential and then the determination of surface- 
pressure  distributions  and  any   unbalanced  suction  forces 

nlon- the win- lips. The integrals required for these deriva- 

tions and also those required lor the si ability deriva lives are 
inte-rablr eil her direct Ivor a fl er reduction by parts by means 

of standard formulas such as are -iven in reference II!; 

I,,,,,,.,., ,he details for the integrations are not shown. 

In the operations involving factoring from radicals, care 

must be used to preserve the correct sign of the factors; lor 

example, if 
;/„■ '<> 

then 

\.</,r    \ t -.'/,<)" ": --'.!■< 

For brevitv, llie I'mal formulas are omitted from llie deriva- 

tions and'appear only in lables at the end of llie paper. 

Thus, the distributions of <fr and Ac,, are summari/.ed in 

(„1,1,,   I,   and   the.  stability   derivatives   are   summari/.ed   in 

table. 11. . 
All (he derivations are made specifically lor a win- lor 

which AB^'2. that is. for which the foremost Mach wave 

from a tip does not intersect the remote, half-win-. The 

formulas in table I for the potential <p and pressure coeflieient 

Ar,, that are. obtained for .1/^2 can be applied to wings m 

which 1^.17^2 bv iism- the principle of symmetry and 

superposing separately each lip ellVet at the point under 
consideration to the value obtained for ihr mlimtrly Ion- 
win-. A consideration of this superposition principle for the 

rectan-ular win- shows, however, that the stability deriva- 

tives which are'obtained for AB^'2 apply as well to wings 
for which AB^ 1. A more detailed description of table 11 
is -iven  in  the section entitled  "Results and   Discussion." 

YKItTK'AI..  PITCIIINU. AND M)N<:iTI'I)INAI. MOTIONS 

Derivatives -(,'*„ and -l\. Tor steady pitching motion 

about a lateral axis through the niidehord point, the local 

slope of the airfoil surface with respecl to the free-stream 

direction is 

(K;> <+ v 

where a is the an-le of attack in the absence oT pitchin-. 

1„ order to obtain the potential distribution, this value of 
a' is substituted into equation (2) and the double integration 

for the variables Ü and r,„ is performed between the limits 

indicated in figure :{. 'PI..' pressure coellicient is llien ob- 

tained from equation (1) for steady motions as 

Ac, V 
■1 d<j> 

\' dx 
(o) 

These pressure coefficients are then differentiated with respect 

to « and q, Tlic inte-rations of the respective distributions 

of Ac,, over llie win- and conversion to nondimeusional 

units then give, llie derivatives —CZa and —<':<„■ 
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rmi'liK :f. Ui'Uion nf inlnli'iilioii lor oliluiiiiliB supersonic vi'locity-|io1enlml fuiiclioii for 
m-luiiBuhr wtim of fiiiiti- unm s|.:m. Kcilion nf inli'Brillimi for point V.u.) shown cross- 
liuictii'il: u.,----<j-h on riclii li;ilf-\\ inn: s/,,^-'/-A o" li'ft linlf-wiiiK. 

Derivatives    C,„     and    C,„ .   -Derivatives   Cm     and   C,„ 
,1 1 or V 

arc obtained directly from the pressure-coefficient distribu- 
tions for angle of at tuck und pitching, thus 

r ^.C.OKä-')'7"'1'' 
where Ac,, for angle of attack and pitching is given in table I. 

Derivatives CXa and Cx . -At supersonic speeds the re- 

sultant pressure force on a rectangular wing of zero thickness 
acts normal to (lie surface as there is no suction at the 
leading edge. Thus, the forces in the .r-direction arise solely 
from skin friction. On the assumption that, the skin friction 
is independent of a and -/,   the derivatives CXa and f".Vj are 

zero. 
Derivatives — (\, <"„v and — Tv,,. -The derivative —CXa 

is obtained from the equation 

Then 

-Cy  -■= '    Ö   [-a'<\„(V+■">)%-<> "     \   du " 

The function — ('?    is obtained from table II. Its depend- 
ence on  the incremental flight  velocity   I' is indicated  by 

"•iviii"   H   in   the   form   «,        '.,"   —I   and  a in  the   form 
r*       ?~ Y      I/- 

1'+ a- 

-(', 

Then 

Then 

riie derivative (',,,   is obtained from the equation 

U=a'C,„a^{V+ufSc 

1   £> ('„, 
Vdu [a'Cma(V+uY}u 

The function (',„ is obtained from table II, where its de- 

pendence on '/ is indicated by writing a' and B in the same 
form «riven previously for the derivative —('■, .    Then 

The  derivative   — <"v    results  from skin  friction   and  is 

obtained from the equation 

-X=CDo* (V+u)\S i-™ a 

ACCELERATED MOTIONS 

For accelerated motions in the vertical plane of symmetry, 
the pressure coefficient from equation (1) is 

4 /d<t> .   1 ÖA 
Ac^V\öx+Vöt) (4) 

The surface potential <t> inequation (4) for unsteady motions 
of thin airfoils in two-dimensional supersonic flow has been 
derived in reference 14. In reference 10, the methods of 
references 4 and 12 for steady flow at supersonic speeds are 
extended in order to determine solutions for the surface po- 
tential and pressure coefficient for unsteady motions in three- 
dimensional flow. In the present analysis the solutions 
obtained in reference 10 will be utilized to calculate the deriv- 
atives in vertical motions with small constant accelerations. 

Derivatives —CZlx, Cmi, and — Cx„-—The surface potential 

<t> for uniformly accelerated motion us obtained for the region 
within the tip Mach cone is (reference 10, equation (:51)) 

X>, .'A.)" B r«[M,w™<^]V-».(*+s)+ 
[\aU-  2ß2 Jcos ^   x-+l)s (5) 

In  converting   from   the   notation   of   reference   10   for   a 
rectangular  wing  to  the  present   notation,   the   following 

transformations are made:  l."=V, m = ä, a = 0. ß = B, c= .,» 

£-,= 1,  !/,. = <"„=;,£ (x+yji), "»=2ß   (£-'J»B)>'ll[ri=
1' aud 
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(\   ■—   _'''.    In order to olitsiin <t> in the region between the tip 

Mach  cones.   >/„  in   equation   ("0   is set.  c(|ual  to   — 'j,  and. 

t lierel'ore. 
I   / .U-«.r\ 
n\ah~-nn-J tti) 

The pressure eoellieienl Ac,, contributed by the vertical 

acceieraluiir motion is obtained liy partial different iat ion ol 

</> (c(|ualions i.'i) and (till with respect to ./: and /. I>y let t mir 

/ 0, and then l>v substituting these expressions for dipd.r and 

dtp öl in equation (-1). This process yields in the region 

within  the  tip  Mach  cones 

Ac,,(.;■,//„>   \j]-\ «"-'(*;*+0+2'Fv'■»■('•+;.). 
I") 

and in the region between tlic ti|) Mach cone; 

Ac,, 
4<'w 

VIP 

Equations (7) and (S) correspond to equation OW) of 
reference 10. after the appropriate transformations noted 

previously for <p are made. 
The derivatives -C7.A and <',„_. are then obtained by 

integration of the corresponding Atydist rihut ions and con- 

version to nondimensional units. The derivative (\.x is 

shown to l>e zero by the use of assumptions similar to those 

noted previously for < '.v„- 

Derivatives -fz., <"„,., and -Cy.. For small accelerations 

aloiur the flight path, the potential will remain substantially 

unchanged. The increments in pressure caused by these 
accelerations, therefore, are assumed to be negligible, and the 

derivatives-t";., <",„.. and ~('xa are approximately zero. 

ROI.UM; 

Derivative C, .- -In steady rolling motion with angular 

velocity p. the local slope of the airfoil surface with respect 

to the How direction is 

,      pv _/'('')., + /') 

In order to obtain the potential distribution this value of «' 

is substituted into equation (2) and the double integration 
for the variables $ and Va is performed between the limits 
indicated in figure :i. The pressure eoellieienl is then ob- 
tained from equation Ci). The derivative ('^ is obtained 

bv intcirraung the moments of the Bernoulli pressure dis- 

tribution for rolling given in table 1 and by converting this 

result  to eoellieienl  form. 
Derivatives <",-, and (\,:. -In a rolling motion, the lateral 

force and yawing moment relative to body axes result entirely 

from suction along the tips. These suction forces may be 

evaluated by applying a method suggested in reference 1 "> 
for incompressible flow and modified for eonipressibilily 

effects in reference •'!. Thus, if the induced surface velocity 

normal to the wing tip is expressed as 

(I 
i0) 

where (! is a constant, then the suction force per unit length 

of tip is 

I's'— TTpd' 

(A more general expression for edge suction that is still valid 

when the edge is inclined to the stream is given in reference .'5 

and recast  in reference 7.) 
('onsider the induced surface velocity normal to the tip of a 

wing rolling with an initial angle of attack <*.    This velocity 

■"> dij    \dyj +Vd;/./ 

where the superscripts w and p refer to the potentials obtained 

for a vertical motion and a rolling motion, respectively. 

From table I 

0'fU.'</„) = 
Va I 

B '(T+')+aV-"("+i)J 
and partial differentiation of <p" with respect to y yields 

where ;/„<(>.     Very near the ti[). -;/„-'•<) and 

^ '"      \dy/ IT   V — .'/„ 

The potential in rolling <j>" is given in table I. By partial 
differentiation of <j>" with respect to y and then by letting 

-'/„—'•(). there results 

0',,)"-- 
dtp   __     2p Mi 

V K \ s 
(12) 

The resultant induced surface velocity normal to the wing 

lip as —.'/„-•<) is obtained by adding equations (11) and (12). 

Thus 

Mn (l.'i) 

The plus sign before V refers to the right wing tip and the 

negative sign refers to the left, wing tip. 
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Very near the wing lip. equation (Hi) Jias the same form 
as equation (!)) and, therefore, the total suction force per 
unit length nloiiir the wing tip is 

Apt '/r(/.-r/j±-'/'»'..(/<-:;;)+r 
114) 

Sp.rp \'a / .        ./'   \        n 
In  equation  (14)   only   the  term   \      _j,     \ll~:iß) um 

give rise to a lateral force and a yawing moment which are 
obtained by intc^niIinjz ihis term along the wins: lips. 
These forces and moments are then converted to non- 
dimensional form to give I lie. derivatives T,    and C„p. 

The   pressure  coellicienl   obtained   from  equation   (I)   for 

steady flight is 
_ 4   d<t> 

AC,— y,   d/ 

where V and / are measured in the flight direction. If 
sideslip occurs the flight direction is inclined relative to the 
/-axis by the sideslip angle ß. The rectangular wing in 
sideslip, therefore, becomes equivalent to a yawed wing 
with the leading wing tip raked out, and the trailing wing tip 
raked in. If the Kutta-Joukowski condition at the trailing 
wing Lip is neglected, the potential function for the yawed 
rectangular plan form may lie obtained by the method of 
reference 4. In reference II, the method of reference 4 is 
extended in order to obtain solutions for edges for which the 
Kutta-Joukowski requirement must be satisfied. 

Physical considerations suggest, however, that for small 
sideslip angles, the actual flow for typically rounded wing tips 
would in general be unlikely to conform to (he Kutta- 
Joukowski conditions along the trailing wing tip. The edge 
suction for a lifting wing arises because of the flow from the 
bottom surface to the top surface around the side edge. This 
How mnv be presumed to go around any boundary layer that 
may be present. The local boundary layer thus experiences 
the edge suction. Rough calculations suggest that the edge 
suction per unit area is approximately constant from the 
leading edge to the point of maximum profile thickness, and 
then increases rapidly from the point of maximum thickness 
to the trailing edge. The, pressure gradient is therefore 
favorable and the How at the side edge is not expected to 
separate. This condition should persist for small or moderate 
amounts of sideslip until the additional pressure increment 
caused by sideslip produces a strong adverse pressure 
gradient. Further theoretical and experimental investigation 
is required to obtain quantitative results regarding these 
phenomena. On the basis of the foregoing considerations, it 
will be assumed in the present analysis that the Kutta- 
Joukowski condition is not satisfied along the trailing wing 
tip. The effect of satisfying the Kutta-Joukowski condition 
along the trailing wing tip in sideslip is discussed in this 
analysis and also in the section entitled " Results and 
Discussion.'' 

Derivative (', . The potential corresponding to a thin 

rectangular wing at an angle of attack and a finite angle of 
sideslip mav be obtained from reference 4, equation (20). 
The corresponding pressure distribution may be obtained 
from reference 11, appendix ('. equation (C4). These solu- 
tions from references 4 and 1 1 were simplified to the approxi- 
mate form for small angles of sideslip (/J-'<1 ) and converted 
to the present notation with respect to axes shown in figure 1. 
The distributions for cj> and Ac,, caused by combined vertical 
motion and sideslip are given in table I. The regions for 
which these expressions for <j> and Acr are applicable are 
bounded by Mach lines with respect to the stream velocity 
V' which is inclined to the .r-axis by (he sideslip angle ß. As 
noted previously, these expressions do not satisfy the Kutta- 
Joukowski condition along the trailingwingtip. As indicated 
in reference II, however, the Kutta-Joukowski condition 
along the trailing wing tip merely cancels the radical term 
in the expression for \('i> within the Mach cone from the 
trailing wing tip. 

A consideration of the, foregoing A<v-dis(ributions indicates 
that as a result, of sideslip the lift within the Mach cone from 
the leading wing tip is increased, whereas the lift within the 
Mach cone from the trailing wing tip is decreased. A rolling 
moment is thereby produced. Furthermore, as a result of 
sideslip, the. Mach lines are shifted toward the trailing wing 
tip, and this shift contributes an additional rolling moment. 
The, magnitude of the rolling moment caused by sideslip is 
given in table II in terms of the nondimensional derivative 

Derivatives (\- and C„ß. The derivatives CYß and f'„ß 

can result solely from suction forces which are induced 
at the wing tips. These suction forces for sideslipping motion 
were evaluated by a method similar to (hat described pre- 
viously for obtaining <V„ and C„r. The treatment for side- 
slip was based on the conclusion, noted previously, that, the 
Kutta-Joukowski condition is unlikely to be satisfied for 
typically rounded wing tips at small angles of sideslip. The 
potential 4> for determining the induced velocity normal to 
(he wing tip was obtained front table 1. The resultant lateral 
force and yawing moment are given in nondimensional form 
in table II. 

YAWINO 

In yawing flight, the stream velocity varies linearly along 
the span. This ell'ect introduces variations of both dynamic, 
pressure and compressibility effects along the wing span. 
The surface potential as expressed in equation (2) satisfies 
the linearized potential equation for a uniform stream Mach 
number, but is inadequate to account for the compressi- 
bility elfecls associated with a spanwise variation of stream 
Mach number. (See reference 7.) The case of the trapezoidal 
wing with tips cut off along the Mach lines (raked tips) 
was analyzed in reference 7. It was shown that the pressure, 
distribution could be obtained by application of the Ackeret 
two-dimensional theory modified by using the local Much 
number at each spanwise station as affected by the yawing. 
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Inclusion of ihe spanwise variation in Mach number was 
demonstrated lo liavc a profound cll'ccl on die pressure 

distribution. 
'Idle addition of suitable triangular tips to the aforemen- 

tioned trape/.oidal wing converts it into a rectangular wing. 

'Phi" added lips lie wholly within the lip Mach cones and 
thus their addition does not alter the pressures on the trap- 
e/.oidal portions. A rigorous solution for llic pressure's on 
ihe lip portions cannot yet he demonstrated. However, an 
expression that appears plausible has been obtained. 'Phis 
pressure distribution for the tip portions is derived by super- 
posing on llic Ackeret pressure distribution, as modified by 
local Mach number, an appropriate function which fulfills 

ihe boundarv condition for no pressure discontinuities in 

the region exterior lo ihe winir. This function thus repre- 

sents the cH'cet of ihe wing cut-oil' and is designated herein 

as llic tip eU'eot. The pressure dill'crence A/' at any point 

according lo llic Ackeret theory based on local Mach number 

is ( reference 7 i: 

(A/'). 

(77- 
n/)ir        2p»'I 

1 
J"'('+,£■)   "5> 

Equation (l.">) shows that the pressure distribution for an 
infinitelv loin: wins: which has a steady yawing velocity /■ and 
vertical velocity »' is expressed by two components. One of 
these components is proportional to »'. is constant, and gives 
the pressure distribution contributed by an angle of attack 
in straight Might. The other component is proportional lo 
irr, gives a linear autisymnielrical distribution with respect 
to >/, and expresses the pressure distribution contributed by 

yawing. 
It will be recalled that the solution for steady rolling, 

(rented in a preceding section, resulted likewise in a pressure 

distribution proportional lo ,y in the region between the tip 
Mach cones. The pressure distributions contributed by roll- 

ins: and bv vawing are thus proportional in the region be- 
tween the tip Mach cones. The wins: cut-oil' is cll'eeted by 

canceling the disturbance pressures outboard of the desired 
tip location by means of a function that satisfies ihe bound- 
arv conditions on the wins:. Because the two pressure dis- 
tributions lo be canceled correspond in ihe yawins: and roll- 
ins: cases, the incremental pressure function or tip ell'ect for 
each case evidently must reduce to forms which will have 
ihe same factor of proportionality in the entire plane of the 
wins: oulboard of the tip. It seems reasonable lo assume, 
therefore, that for small yawins: motions the two pressure 
distributions will also have very nearly the same factor of 

proportionality within the tip Mach cones. 
The proportionality constant between the pressure distri- 

butions for rolling and yawins: motions may be determined 
bra comparison of the cases of rollins: and yawins: in column 4 
of („hie I. The pressure coefficient per unit yawing veloc- 

ity is seen to be a Ir limes the pressure coellicienl per unit 

rollins: velocity, or 

lAc,.'),,,,,,«-^; (Ar,/),,,,,,,,, (lb) 

where equation (Mi) will apply over the whole wins:. 

Derivative <", . The precedins: analysis indicated that the 

pressure distribution per unit yawins: velocity is in a simple 
ratio to I hat produced per unit rollins: velocity (equation ( 1 ('>)). 

Thus 
/->   — "   n 
1 '~1F( '/■ 

The derivative <",   has been derived  previously and is given 
P 

in table I I. 
Derivatives f\- and ('„_. When the wing yaws, the 

anl isvminetrieal pressure distribution which is indicated by 
equation llöi will produce unbalanced suction forces at the 
right and left wing lips and thereby give rise lo lateral forces 

and yawing moments. In addition, skin friction will con- 

tribute a yawing moment. 
It appears lhal a. reasonable although approximate evalu- 

alion of ihe lip suction forces in yawing can be obtained by 

means of llic correspondence of yawing with rolling as utilized 

previously in deriving equation (Hi). Tins procedure does 

not satisfy the Kiitta-Joukowski requirement in the sideslip 

component of the stream velocity in yawing; however, this 

theoretical deviation is likely to be very small in the actual 
Mow. On the basis of these considerations, the induced suc- 
tion forces on the wing tips per unit yawing velocity will be 
related in the ratio a/IP to the corresponding induced suction 
forces per unit rolling velocity which were derived previously 

(section entitled "Derivatives ( Y, and (\ ")■ The contri- 

butions of tin- tip suction forces to CYr and (\r  are, therefore, 

C       ■      O 

where (',-   and ('„   are given in table II. 

The ell'ect of skin friction on the yawing moment due to 

vawins: is 

A'.,—cos "J-J/'-5[,l'-^-,-'-(2-')][('--;) li-V'.l •If ih/ 

where the first bracketed  term expresses the square of the 
resultant local velocity and ß is the local angle of sideslip: 

ß v 
Eliminating second-order terms and terms corresponding to 
symmetrical drag forces ami converting A'j to coefficient 

form yields 

'■-, -i£.a [K)'+2'j 
RESULTS AND  DISCUSSION 

Is ihj 

As noted in the preceding analysis, the nondimcnsional 

stability derivatives which arc presented in table II were 

derived with reference to principal body axes with the origin 
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:il point (.',.0.(1). These results liliiy be transformed by 

nicnns of the equations in the liisl column of table 11 to 

apply to stability axes with the origin at an arbitrary dis- 

tance .o, from the midchord point. The stability axes are 

shown in lisrures 2 (1>) and are obtained by a rotation of the 

principal body axes (lisr. 2 (a)) tlirotiirli an anirle <v: the origin 
is then shifted a distance ./■„. alons: the new ./--axis. The 

conversion to stability axes was obtained by means of the 

transformation formulas irivon in reference Hi. with the 
omission of relatively unimportant terms compared to unity, 

nidi as <>.-. 
The formulas for the derivatives -riven in table II with 

reference to pi-incipal body axes are shown plotted in Iiirures4 

and ."> asrainst the parameter -l/>'. (Derivative -Cx and 

those dei-ivatives e(|iial to zero are omitted from the figures.) 
These curves show the variation of the stability derivatives 

with aspect ratio for constant Mach number. The varia- 

tion  with  Mach  number  for constant   aspect   ratio  is  not 

-1.2- 

direcllv indicated, although it can be determined from the 

curves. These data are shown in figure 4 for the lateral 

stability derivatives and in fisrure ö for the longitudinal 

stability derivatives. The data in litrures 4 and ö are to be 
used in conjunction with the transformation formulas pre- 

sented in table II to evaluate the derivatives with respect, to 

stability axes. In the evaluation of these derivatives, many 

of the terms are likely to be relatively small; therefore, the 

expressions will be noticeably simplified when such terms are 

neglected in the computations. 
The results of the present investigation have been derived 

on the assumptions of zero thickness and small disturbances. 

Potential flow is assumed except in the case of c'„ and ('.V;i 

in which skin friction is considered. The practical eU'ects 

of the KuUa-Joiikowski requirements which are introduced 

at. the wins: lips in sideslip and yawins: are not definitely 

known. On this basis, (he data shown in figures 4 and 5 

are expected to apply in general to thin wins: sections for 

small steady motions, motions with small accelerations, or 

oscillatory motions of low frequency in which boundary- 

layer effects are not. expected to be important. The applica- 

bility of the present theory to Mach numbers in the vicinity 
of unity, very Iiifjl» Mach numbers, or for very low aspect 

ratios is uncertain. 
The data in figure 4 (a) show that at supersonic speeds the 

derivative IPC, /« is negative in contrast with the behavior 

-.28 
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[■'[(it'HK   1.    Collclmli'ii. 

ill subsonic speeds where posilive values would he obtained. 
rl'liis phenomenon was pointed oul for the infinitely lonsj; 

witiLT in reference 7 and its physical significance elaborated 

upon. For stability axes, the formula for (',' liable II) 

indicates lhat another reversal in sitrn lo a positive value 

ocelli's as the Mach number is increased beyond approxi- 

mately 1.41 for typical rectangular \vint;s. (Also see 

reference  7  for  the  infinitely  lonsj; wiiiir. I 
The suction force at the leading edire of rectanirular winsrs 

vanishes al supersonic speeds. This faclor should have an 

important influence on the derivatives ('„ and ('„ as super- 

sonic speeds are altained. In the case of <'„' (slability 

axes), the results of the present analysis indicate lhat at 

supersonic speeds the sitrn of ('„' will have positive values 

in iniiiiv tvpical cases in contrast to negative values normally 
obtained at subsonic speeds. In the case ol ('„ or <"„/. the 

loss of leadin^-ediie suction tends to be compensated by 
the spanwise compressibility efl'ecls associated with super- 

sonic speeds. 
As noted previously in the analysis, the Ivut I a-.Ioiikowski 

condition  is unlikelv to  be satisfied  alonii the  trailini: willst    ;    '''"•'»E ■'■■   ^":iri:"'"" «r sMiii-rsf.inu i«iiciiii<iiri:il smhiiny .i.-rivutiv.^ with asp.rt raiio-Mach 
..'.... J, . .'.        ,.  '       : number parainrlrr.    I trrivatives with rrspeet lo principal huilv a. r.s thin Hat rcctaiiizuiar 

tip lor a typically rounded wmsrtipat small anirles ot side-slip,    j      winK.   (s,,. tai.i,. n r,.r cm.virann i<> stability ax«.; 
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Therefore, the results for (', in litnire 4 (MI are applica- 

ble where I lie Ivul ta-.loukowski condition JIIOIIL' the wins: 
trailins: edtre is not sntislied. In order to delermine the 
ell'eet on (', of snlisl'yinir the Kilt ta-Joiikowski condition 

alontr the trailins: wins: tip. the formula for < V which meets 

this re<|iiirement was also obtained and is as lollows: 

a / 1 _:i + -2ir-\ 
' '>1 B-\AB :\AJli-J 

A comparison of this formula with the data for i V t:iven 

in lisrure 4 (a) indicates that the ell'eet of satisfvint: the Ktiltit- 
.loiikowski condition alons: the Irailins: wins: lip reduces 
negatively the values of (', from those obtained by nesdect- 

insr the Kutta-.loukowski condition. For example for />' - 1 
and .l/;'--=4, when the lvutta-doukowski condition alons: I he 

trailins: wins: tiI> is nesdected, ( V-— —-O.ONo«; and when 

the Ivul ta-.loukowski condition is salislied alons: the trailins: 

wins: tip, ('(, = (•. I4(ia. Thus, it is expected that when 

the sideslip ans:le becomes lart:e, the dihedral ell'eet —C,g 

should be reduced significantly because of the Kutla- 

Joukowski condition alons: the trailins: wins: tip. 
The longitudinal stability derivatives in (isnire f> refer to an 

axis whose origin is located at the midchord point. The data 
in lisnire f> (<•) for li(',„„ show that rectangular wings, with 

reference to this origin, have an increasingly unstal)le 

pitching moment with decreasing aspect ratio which cor- 
responds to a forward shift in the aerodynaniie center. For 

infinite aspect ratio, the aerodynamic center is located at 
the. midchord point or li(\„u = i). If the aspect ratio is 

decreased to a value of 4 for a Mach number of 1.41, figure f> 
indicates a forward shift, of the aerodynamic center of 
0.02Ö chord. With constant Mach number, the ratio 
IM.'mJ — MCy. is obtained from figure 5 solely as a function of 

AB. These data indicate that with constant aspect ratio 
and increasing Mach number, the aerodynamic center will 
shift rearward. Foe an aspect ratio of 4, an increase in 
Mach number from 1.4 to 1.9 will shift the aerodynamic 

center rearward (1.01 chord. 
The derivative —('■/.,■ given in table II for inlinite aspect 

ratio is negative which indicates negative damping or insta- 
bility. The ratio — (',„ ; — ( 'x from table 11 gives the loeat ion 

of the center of pressure of the resultant lift contributed 
by  c\.     By   Inkillt:   this  ratio  for   inlinite   aspect   ratio,   the 

center of pressure is found to be located at a point ., <• behind 

the  leading edge.    The  negative  damping  produced   by <V, 

therefore, gives an unstable pitchins: moment  for center-of- 
2 

gravity local ions ahead of x    Zc    These unstable tendencies 

caused by it are minimized by the effects of finite span and 

the instability due to CZä disappears entirely if ABSk~—^—• 
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CONCLUSIONS 

A theoretical investigation has been made l>y means ol 
1 he linearized theory to obtain formulas for the surlaro- 
velocit v-polonlial lunclions, surface-pressure (listribttlions, 

and stability derivatives fur various motions at supersonic 
speeds for rectangular wings of zero thickness without 

dihedral. The investigation included steady and aceelerat- 
ini: vertical and longitudinal motions and sternly rolling, 
cawing, sideslipping, and pitching for Mach numbers and 
aspect ratios greater than those for which the Mach line 
from the leading edge of the tip section intersects the trailing 

edge of the opposite lip section. 
The following significant conclusions have been obtained 

for this investigation: 
1. At supersonic speeds for Mach numbers smaller than 

approximately 1.41. positive yawing generally results in a 

negative rolling moment in contrast to the behavior at. sub- 

sonic speeds where a positive rolling moment is produced. 

2. The attainment of supersonic speed produces a signili- 

ciinl cInnige in the positive direction of the yawing moment 

per unit rolling velocity. 
:;. For infinite aspect ratio, a constant vertical accelera- 

tion causes a negative damping in the vertical motion, and 
,in unstable pitching moment for center-oi'-gravity locations 

ahead of the " -chord point.    These unstable tendencies are 

minimized   by  the ellVels of finite span and  the  instability 
due  to  the rate of change of lift   with vertical acceleration 

disappears  entirely   if  A\.\l'-—ig'    .,        where  .1   is   the 

aspect ratio and .\/ is the Mach number. 

L.\ MILKY AKUONAITICAI.  LABORATORY, 

NATIONAL ADVISORY COMMITTKK FOR AIOKONACTICS, 

LANOLKY FIKI.D. \'A., June. .10, W.',S. 
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TABLE II.— STABILITY DERIVATIVES OF THIN FLAT RKCTANGFLAR WINGS WITHOLT DIII F.DRAL AT SU'KRSONIO SPEEDS 

Principal body axes                                   j                                                                          Stability axes 

( origin at point ( '-.-, 0, 0 ) )                               ( origin at distance xr„ measured positive ahead of niidchord point ( ,,-x,.,, 0 »)) 

Stability 
derivat ive 

T-           .                                        Stability                                                                        Foriniil'i 
1'" "ll"'t                                : derivative 

Lateral 

<\ -iiQ-Aii+^+iAjp)  ;   (\'  ! \<\ + <\-%V<'<,+ ('r,)_ 

('<> 
a / l —11-   :; -f />-'\ 
li-\ AB     \\A-B\) 

<v                      ^«(^-gi'v,) 
('<r ~1P\X   AB+:\A:B-^V2A<B\) 

<v   ^^-^^-«[^-^v+gic^+^y-ä^vj- tr( \v 

;    ('„ 
i 

S/W   1           2    \ 
~~oV   \AW    :IA'1PJ ''-p-S ^-a[r%-f'-r + S (^Vr + 2f.,)-^ Cr,_ I" 

4r>-*Ar») 
|    ^ •.irA-li2 '   "i 

p           Xcg   p                p 

<°», 
SaV ' —  2   \--'nn(i+ ' ^ 

~~:^B\AW  :iA3lPj    :i   \   ^.uy T 

1—                                                                                    —1 

a\L-(\-Cny^{2Ch + CYp)\ + ^Clp 

(\ 
U)a /   1            4     \ 
"«■  \AB   <u-7*y 

rV Crp+a(cv-^Cy) 

<\ 
ScrJ/- 
TÄH- <V Cyß 

<\ 
Kia-V   1           4     \ 

Gr,' Cy-
2X^Cya-aCy T    cA     "           " 

Longitudinal 

('„,a 

1 
:\AH- <'~: cm-acmy-c* (c*-a<\) 

c,„a —   a    (U-4-l) 
:<,AB' (       '    ' 

C   ' G„u + <*C,„a + ^ (aCXa + (\) 

r'».l 

2 

~:T?y <w C*, + *(??JC>. 
r,„. 

1   /,_24-/Fx 
:i7f V     .10 i <■»«' 

p        i   xeg p 

!    < '„, ■ 0 ' '"li «(^„+X;'^-.) 

-('*a B\      2AB) -<v 
-(',, JS, (^+.-2.1/0 -'V -Cy.u + a{CXu-(\) 

-<\ 
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:U/i- '•Q 

Or SI            —Lrg  SI 
-<-■*- -c <*„ 

-<\A -<V -Cy. 

!   -<\ 0 -<v — OtCz- 
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-<"-Va 
0 -<v a(Cx -Cx )+«-Cy 

"^ 2C\ 

-^ 0 -Cv' -«(Cy^Cy) 

-Cx* 0 -Cx.' -a<7z. 

-0,ü 
0 -C-v/ -CX-Cy.x 
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Positive directions of axes and angles (forces and moments) are shown by arrows > .. 

"'-Axis .^ ""'.'-''- 
Force 

(parallel 
to axis) 
symbol _ 

Moment about axis Angle .   ^ Velocities 
.:. 

l_ , Designation _ Sym- 
bol Designation 

.' J.  :, 

Sym- 
bol 

Positive 
direction 

Designa- 
tion 

Sym- 
bol 

■   I 
- Linear 
(compo- 

nent along 
axis) 

Angular 

Longitudinal.-,..». 
Lateral— .'.. 
Normal..... ™— 

Y z 
-   x ;- 

Y z  - 
Rolling...  
Pitching 
Yawing....... 

L 
M 
N 

Y—*Z ' 
z—>x 
x—»y 

ROILI.....:. 
Pitcb_.._.. 
Yaw  

■:. ■* _. 

V 
p 

. 

TW. 

;1 •"•*■■>  '   -~  , 

Absolute coefficients of moment 

L' $bS       c?-qcS      ■•'$§ 
(rolling) (pitching)        (yawing) 

Angle of set of .control surface (relative to neutral' 
-. position), 5.   (Indicate surface-by proper subscript.^ 

D 
V 
VlD 
V 
V, 

T 

Diameter 
Geometric pitch     "jL/~~ 
Pitch ratio      ~ ~L:~ 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient CT= 

Torque, absolute coefficient C0= 

4. PROPELLER SYMBOLS 

P 

fm
iDi 

Q 

5. NUMERICAL RELATIONS 

Power, absolute coefficient CP=—n« 

C,       Speed-power coefficient=., 

17 Efficiency \ ; 
ft      _ Revolutions per second, rps 

$ Effective helk angle ^tan^fg-—) 

1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower=0.9863 hp 
1 mph=0.4470 mps _ . 
1 mps=2.2369 mph 

llb=0.4536kg . 
lkg=2.2046lb        ,; 
Tmi= 1,609.35 m=5,280 ft 
1 m=3.2808 ft -  - 


