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resultant drag coefficient = &
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v =
W =
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(]u =
O'B =
Q.d =
A
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)=
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air velocity

weight of the airplane

angle of attack

geometrical angle of attack

geometrical angle of attack of horizontal stabilizer
aerodynamic decalage

"increment of"

tail efficiency

angle of climb or glide

ailr density

an angle, explained in text

angle of yaw

( ) "power on"; e.g. Cg' = Cy "power on", ete,

distance from leading edge of wing to mean aerodynamic center

Z}CMO = increment of moment coefficient change at C; = O due to fuselage

A Ciy = a factor explained in text

A F = a factor explained in text



4.

Iist'gg References

Russell and MeCoy, Journel of the Aeronautical Sciences,
Vol. 3, No, 3, January 1936.

Malina and Jenney, Journal of the Aeronautical Sciences,
Vol. 3, No, 7, May 19386.

C. B, Millikan and A, L. Klein: "Deseription and Calibration
of 10 ft. Wind Tunnel at California Institute of
Technology", presented at Berkeley meeting of the
Aeronautics Division A.S.M.E., June 1932,

Thesis by Lt.-Comdr. C. M., Bolster, U.S.N., at Californis
Institute of Technology, 1936,



WIND TUNNEL TESTS ON A LOW-WING LIONOPLANE

WITH PROPELLER RUNNING

Introduction

Various tests have been conducted on airplane wind
tunnel models with an operating propeller in an endeavor to
furnish the industry data as an aid in design and performance
predictions, At the GALCIT, these investigations have comprised
the material set forth in references 1, 2 and 4 ,

The tests conducted by the authors of this paper
represent a continuation of the above-mentioned investigations,
The purpose of the present tests was to determine 1) the effeet
of power on static longitudinal stability (elevator free);

2) the effect of power on hinge moments (at various tab angles);
and 3) the effect of power on static direetional stability with

the model operating at high and low angle of attack,



Description of Model

The model used was that of a typical low-wing,
single-engine tractor monoplane to one-sixth scale, Con-
sequently, the results of the present tests are most directly
applicable to airplanes of the model's general design, Never-
theless, the effects are considered to show qualitatively what
may be expected in general, in multiple-engine tractor monoplanes
of present day design,

The model essentially consisted of a Northrop Alpha
wing and fuselage combined as a low-wing monoplane, A Northrop
XBT~1 empennage was used, An N, A, C,A. cowling to one-sixth
scale was conventionally mounted over the nine~cylinder radial
engine profile, as shown in the photographs, Fig, 1. Landing
gear, tail wheel and cockpite with windshields were omitted from
the model, A conventional fillet between the fuselage and the
upper surface of the wing was employed on all tests, Fig, 2
gives the principal characteristics and dimensions of the model,

The propeller used was a three-bladed fixed-pitch
metal propeller, eighteen inches in diameter with each blade
profile to one-sixth full scale, The Hamilton Standard 1A1-10
blade form was used execept that 10% of the radius was eut off
at the tip of each blade, Blades were set at f = 20° at the

three-quarter radius, Power was approximately 1/36 of full-
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scale power for a 400-450 H,P, engine, (i,e, 432/36 = 12 HP,),
furnished by a three phase, squirrel cage induction motor,
Propeller revolutions were six times full-scale reéglutions.
Thus, the linear velocities of the propeller blade elements
equaled full-scale velocities, Since the dimensional homo-
geneity of the power was preserved, and linear velocities of
the modél prepeller approximated those of a full-scale airplane

propeller, the slipstream effects should closely simulate those

encountered at full sc-ale,

Explanation: Let ( )y refer to properties of the model.

() refer to properties of full-scale

airplane.

Note: DmP». 1/6 I;; Ny - 6n; Vp - V3 Qem - Qs dm = 0.

Since P - 2MnQ and Q - QepVoDS

P
Pp = 2T'ancPV2D§}
P = 2fn Q,chZLi

Substituting ratios of properties all in terms of ( )

L 1 1
Pn 3T 2mxex3E _ 3
P P 27 x1x1l &

Further, linear velocity of model's propeller =
27Mr n = 277%? x 6n = 277 n
linear velocity of full-scale propeller -

27rn - 27 Tn

i
o I
Hy

- (V)

. (v
( m)prop. prop,



Deseription of Apparatus

For the purpose of determining statie
longitudinal stability (elevator free), the model was mounted
as shown in the photographs, Fig, 1, Air velocity, geometrical
angle of attack, resultant drag force, lift, and pitching
moment, were measured in the conventional manner as set forth
in reference 3, The stabilizer was located in the upper middle
position with stabilizer angle = +1.3°, The elevator was
statically balanced by means of a counterweight housed in the
empennage, The counterweight was mounted on an arm secured
to the elevator's torque tube at the fuselage centerline. The
tabs were mounted on the elevator as shown in sketch 1, and by
means of a friction hinge could be securely set at any desired
angle. A partial aerodynamic balance of the elevatoré*;as
accomplished by extending the ‘ X SEE Fire.NO. /. )

leading edge as far forward of

SRETCH ]

the hinge line as possible,

without toueching the trailing «
A8

edge of the stabilizer, The

ELEVATOR
angles assumed by the elesvator
were shown by a pointer attached HORIZONTAL /////)
57!43/‘,/25/? >
to the elevator and a dial graduated | ////’//

in degrees which was glued immediately behind the pointer on the
rudder's surface, Thess anzles were then observed through a

window in the tunnel's side,

/e



The measurement of the elevator hinge moment coef-
ficient was accomplished by the use of the apparatus shown
in sketch 2, Holes were bored in the elevator at a known
distance aft of the
e hinge line (x) and a
fine piano wire (gauge W-m.

g AW, #29) was secured to the

& - LG elevator as shown, The
upper wire was run vertically
SKETCH 2 out of the tunnel and over a
pulley "P" (whose frietion

was considered negligible)

A and attached to a weight pan,
Wy

The lower wire was run
through the floor of the tunnel and attached to a weight pan Ws,
By balancing the pans so that the elevator angle is zero prior to
a run and then reading the elevator angle assumed during the runs
with various /A W differences between weights in pans Wy and Vg, the

hinge moment coefficient was determined from the formula

HM _ 1000 A W (in Kg,) cos 7 x(x)

CH * a8t g x area elevator aft of hinge x mean chord aft of hinge

where 0 = (i; + 8 + © (see .SI(ET'CH3)

paying proper heed to signs,

/77



HORIZONTAL

SHETCH I

The measurement of the yawing moment coefficient was
accomplished by mounting the model in the wind tunnel in the
normal manner for measuring yawing moment via the pitching
moment balance, (See photograph), Wires of proper length were
provided for adjusting the model to two angles of attack,
viz, & low angle of attack (G = -2%) for simulating high speed
conditions and a higher angle of attack (a, = 8°) for simlating
low speed conditions, The model's rudder could be fixed at '
various values of rudder angle "r" from 0 to 25° on either side
in inerements of five degrees each, For this portion of the
test, the elevator was locked at zero position and the tabs were

set at zero angle,

/Z



Methods of Measuring Power

1) The power parameter "tan " was employed in connection with
that portion of the experiment dealing with the effect of power
on static longitudinal stability (elevator free), A brief
deseription of this parameter is herewith presented, For more
detailed presentation see Part 2 of reference 1,

Given an airplane in unaccelerated flight moving
along a flight path parallel to the thrust line,

[ Write T = Thrust
D = Drag

Vi 8 = Angle of Climb

é;;;;;;::Tg\\~‘“‘% = W = Weight
//\i)
1 L = Lift

6
e Observe T = D + W sin ©
W Net thmust =T - D = W s8in 6
AAETCH él L =Wcos 6
T-DR‘P-B-awsine-t&ne

L cr, W eos 6

Thus, it is seen that the tangent 8, where & is the angle of climb
or glide, is a measure of the amount of thruét developed by the
propeller, Cp and Cp are obtained directly from wind tunnel deta
and the values of tan © are readily obtained, "Power on" results

are given in terms of Cy vs, C. for various values of tan 6,

L



2) The power parameter, herein designated as "-ﬁ", was employed
in connection with that portion of the tests dealing with the
effect of power on hinge moments (elevator free) and the effect
of power on static directional stability, This power parameter
was employed in preference to tan © in this portion of the
testé, due to the fact that no accurate means was at hand to
determine. "Cr" with the type of rigging employed, A brief
derivation of the power parameter "R" is herewith presented,

From Froude Theory

T = Apvza(l + %)

S \/ > V(l+a) where A = area of disec
T = thrust
Meaning of V and a is shown in
SKETCH &

sketch,

By definition (Weick p, 87)

T o TopVoD?
Observe, from sketch, V(slipstream) _ ¥(1 + 8) g 1L
V(at ) v L

Write V(slipstream)
Viat o)

=R =1+a8;i.e, qQ=R=1

Then TopVRD2 = ApVA(R = 1)(1 + E‘é"l )

Tca%(-ﬁ-l) Rgl . -'é’-('ﬁ'g-l)

-2 8
R =".';7.-T°+l

e ‘\,8
R = ?Tc*‘l

14



-

The Qg, T V8. J curve for B = 29° at 3/4 radius is
presented in Fig, 3, The propeller revolutions were counted by
means of a system consisting of a pendulum asctuated multiple
relay circuit which counted the revolutions made over a ten-
second period, Calibration was accomplished by reference to a
ecrystal-controlled 50 cyele current, at the beginning of each
L

. WRw will, of course, vary slightly with angle of
inclination of thrust liné to direction of undisturbed airflow,
Experimental results show that the error introduced due to this
inclination is negligible, as seen in the experimental curve in

ad joining sketch 6,

Ias
SKETCH 6
+1./
/"’«-—’———“‘\\
=/ 0
¢ SRR s el V)

Range of Power

The range of power used was sufficient to cover the
flying range for an airplane of a type similar to that of the
model, The method of determining this range was identical to

that outlined in reference 1,

In order to show the relation between R and tangent 6,
a power available, power required curve is shown plotted in Fig, 3,1,

with various values of R and tangent © spotted in at proper points,
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Static Longitudinal Stability (Elevator Free)

The curves showing the effect of power on statie
longitudinal stability (elevator free), are shown in Fig, 4,
A separate.ramily of curves is drawn for each tab angle, Each
family of curves shows the effects of power ranging from tan 8 = =0,05
to tan @ - 40,15,
The effeet of power on static longitudinal stability
for tab angles of 420 and ;30 degrees was investigated but showed
such small variaﬁion from the effects noted for +10o tab angle,
that curves for the former angles are not included in this report.
The singular, wavy character of the "power on" curves
is explained as follows: Let CMt be plotted against Cr for various
fixed elevator angles. Now, for a single tab angle, with elevator
freé, as CL varies, the elevator angle assumes various values, giving
a resulting QMt vs, CL curve, as
shown in sketeh 7, This Cogg,

combined with the moment coef-

ficient due to wing and fuselage

alone (at various eorresponding

powers), will produce an overall

i\\ C.,, v8, C. curve of a similar
(4 k ,\\ X L ;
SKETCH 7 g wavy nature, The variation in

elevator angle responsible for this effect is due to 1) interference

effects, 2) variation in q, and 3) downwash,
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Iet us now turn our attention to Fig, 5, which shows
static longitudina; stability without tail (i,e, C“W+E‘ vs, CL)
for various powers, (Note: CLM}-F = Cy due to presence of
wing and fuselage alone), ©Now, in ordér to find the effects
éf slipstream and tab on tail moments, the values of the moment
coefficient for wing and fuselage alone (for various powers)
wére subtracted from the values obtained for the complete air- -
plane model (for corresponding powers),

Values thus obtained were plotted and straight lines
were faired through the points thus obtained below a 1lift coef-
ficient of 1,0, These faired curves of Cry VS. CL are shown
in Fig, 6.

4 From a study of the curves in Fig, 6, it is seen that
the effect of power on static longitudinal stability (elevator
free) consists of two parts: 1) a change in the slope of the
tail moment coefficient curve, dCMt/ch, and 2) a chenge in the
intercept for any given change'of tab angle from the neutral
position, .

For power off

£

St 7TAR 0
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oty f8| b oy
ac, Nyt 8 i 7rzgt
ac,'

Let Mg

-a-é-;- = Slope, power on, for tab angle in question.

dCpp.. -
-&-M—E = Slope, power off, for tab angle in question,
L
Adopting notations following those used in reference 4, write
(] X
aChy,
. EcL
A dCMt
dCL
9 /AT CL=O

AGM'I; Change in tail moment coefficient due to tab angle, power on

BRd R # Ath ® Change in tail moment coefficient for same tab angle, power off
AT (. =0
8o
' 43 1 -8 8g
Then th = -)?t-{;-—é- K oo CL - R ag Oq
s 1+ TR,

In explanation, ACMt ="the difference between the tail
moment coefficient for a given tab setting at "power off™ and the
tail moment coefficient for tab angle zero, "power off", both taken
at CL = 0,

ﬁ;cM; = the difference between the tail moment coefficient
for a given tab setting, "power on", (various values), and the tail
moment coefficient for tab angle zero, power off, both taken at

C; = 0.

L



In F#g, 6, values of K and R for various amounts
of power and for different tab angles are plotted vs. ZXCN&°
It is obvious that X and R will also vary with
the location of the horizontal stabilizer. This variation was
not investigated in this report but was covered in reference 4,
- For purposes of comparing the values of K and R for
elevator free and elevator fixed, Fig. 6.1 is included in
this report, this figure being an exact copy of the one com-
puted and plotted by Bolster in reference 4.
In order to make use of these data and obtain the
piteching moment coefficient of the complete airplane model
for "power on", proceed as follows:
1) Ilet (-) correspond to power off values.

(-)' correspond to power on values.

2) Obtain Cy vs. Cy curves for model from wind tunnel tests.

(It is assumed that model has no power plant nor pro-

peller installed),

3) Obtain CM(no tai1) VSe CL curves from wind tunnel results,

4) Obtain Cg, by taking difference between 3) and 2) and
plot resulting CMt V8. CL curves,

5) Obtain K and R as described above and compute and vlot
: , ;

CM!:'

[ AND PAGES 20¥ 27

6) Refer to Fig. 6.2, replotted from Bolster (reference 4),

which gives method of determining CM(no a1l) with

power on = CM' .
(no tail)
7) Obtain final result Cy' = C,' + Cy, .

M(no tail)
/79
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The wing and fuselage moment coefficients were

determined together, both for power off and power on. f

d.:h
e+ g = O, (3-2)oy + 4
In Fig., 8.2, CMo for a Clark Y section is plotted.

At CL = 0, GMO = =,065
But &t Op, = 0, O + Cgy = =.075

Therefore /\ Ong, = =+010

d & a = ,80 =« ,285 = ,050 since center of

T B
gravity was assumed to be at ,30t from leading edge,

As shown in Fig, 6,2, AT = +,047
c o sl (8 2By 047)0'
My.p cM() ¥  RESE R L

Considering "™power on" effects, write:

v t Ah
Chig,p = OMyp, * Cp,p + 4 Oy * 5 CL

T x Vert. Height of T above C.G,

Where iy = Moment Coefficient due to thrust = a5t

and T = 35570

?
A CMO = change, in Cp, due to power

ét-}l may be considered as a change in the location of the aerodynamic

center due to power,



Values of CMth were calculated at CL = 0 and CL = 1,0,
and the increments not due to thrust, A CM; and %E were
obtained as follows:

a) A CM; is the increment of wing-fuselage moment

coefficient at Cy = O due tc power, except for that due to

thrust,

] ] .
Thus ACy =Cy. - C o
Mo ™ "o ™ "Mth(at Cp, = 0) T MriF(at o = 0)

b) 4 is the change in slope of the wing-fuselage moment
t

coefficient curve due to power, except for that due to thrust,

14
dCy,
Thus Qt_h. - Ly, p _ Cry,p Lotgyy

acy, dcy, i acy,
Fig, 6,2 gives the results obtained as & function of tan 8, A
1
Yy, 7

S A ecalculated curve of wing and fuselage moment coef-

method of predicting C for other airplanes is also given.,

ficient, powsr on, versus angle of attack was also prepared,

2/



The :iffect of Power on Hinge loments
(at various tab angles)

Reference to the CH vs, e eurvas, shown in Figs, 8-17
inclusive, shows that, in general, the hinge moment coefficient
is incereased by the presence of the slipstream,

The angles of attack investigated were uu = -2-1/20; O°;
+8%; and +16°., The tab angles investigated were ey = ~10%; 09
10°; 20° and 30°, Powers investigated are defined in terms of

the "R" parameter of power, whose meaning has been explained in

an earlier portion of this paper, under the subdivision "Methods

of Measuring Power". (FCR AERODYNAMIC GULANCE OF
C ELEVATORS SEE  Fré. N, 'Z/)
" ﬂJJ Define CH?" Cy with power (see Fig, 7)
g
i - s " " "o
P " CH CH without
7 %»/ .

i ’
YA g ACy = Cy
v f— ~~_L.,/CH:, e (et=k.e=O,Pmmr=O)
s an =

4_&%’ 0}/({/ AC, / { - CH
g;/ . e (e =0, e =0, Power =0)
(’,;;‘/ (('// y;
! 'y o / -
a@“/ &v (See adjoining sketch).
¢ s !
)2 A CHO= Cy where Cpy = Cy for tab angle
50
G
P in question. (See adjacent sketch).

1) Plot (G- Og ) va. (Oy - Oy ) for T = constant. (Fig. 19).

2) It appears that we get straisht lines so that

(Cy - Cg_) = (O = O ) £(R)
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(cg' - Co)
(g = Cg,)

4) It appears that L@- = -ihs-g- . Therefore £(R) = 1.03 R,

or within our experimental limits of accuraey, £(R) = T,

3) Plot = #(R) vs. R (Fig. 19a)

This result is interesting because we should think that the variation

would be proportional to the dynamic pressure or Vzl—w'ﬁz,

instead of R,

5) Hence our results are approximately expressed by

0y - O, = Ry - Og,)

6) Values of cHo are plotted in Fig, 18 as functlon of A Cy for
various values of Gy = geometrical angle of attack of
horizontal stabilizer.

In order to make use of these data, CH vs. @ curves

are obtained from wind tunnel laboratory data for model in gquestion

at various values of e; and s with power zero., (No power plant

is assumed t0 be insfalled on the model). Desiring to determine

the effect of power on the hinge moment coefficient, we proceed as

follows:
1) Determine 4 Cy as defined above.
2) Eater Fig. 18 with A}CH:and Gg in question and obtain CHO.
locate this on Cy vs. e curve for proper O, and 8y
3) Compute (GH' - Cy) = RlCy - ch) for various values of

"e" and plot result as shown in Fig. 7,

23



Bffect of Power on Static Directional Stability

The effeet of power on static directional stability
was investigated for two geometrical angles of attack, that is
a, = -2% and +8°. The low angle of attack simulated high speed
conditions and the high angle, low-speed conditions. The rudder
angles ranged from zero to twenty-five degrees, plus and minus,
being varied in incrangnts of five degrees, The angles of yaw
investigated ranged through twenty-seven degrees on either side
of zero, The power parameter employed in this phase of the
investigation was "R" whose significance has been described.

Fig. 20 shows variation of Cy against llf for various
combinations of rudder angle and power for O, = -2°; q = 30 gm,/sq.cm,
Similarly, Fig. 21 is plotted for O, = +8% q =7 gm./sq.cm.

An exemination of these curves shows that a change in
rudder angle does not affect stability but merely varies the Cy
intercept at yV = 0°, The effeet of power also changes the GY
intercept at uy's O°, and, in addition, it appears to cause an
inerease in directional stability. This increase is only slightly
apparent in Fig, 20, but in Fig, 21, the effect is most noticeable,

In order to explain this increase in static directional
stability, with "power on", we resort to a qualitative, graphical

enalysis, Referring to sketech 9, the vertical tail surfaces are
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shown as viewed from above, for the three conditions of negative,
zero, and positive yawing angle, ILet vector "a" in each case
represent the free air flow, Vector "b"™ in each case repre-
sents the slipstream velocity increment parallel to the thrust
line., Vector "e¢", in each case, represents the athwartship
camponent of slipstream velocity due to the upper portion of

the slipstream's helix. (The lower portion of the helix is not
considered as no vertical tail surface is present in this region.)
The resultant vector "d", shown dotted, represents qualitatively
the magnitude and direction of the resulting air flow relative

to the tail surface. In order to clarify the discussion,

vectors "a" and "3d" are also shown immediately adjacent to the
tall surfaces. We define the angle G, o , as the geometrical
anzle of attack of the vertical surfaces relative to the wind
vectors, "a"™ and "d", in gach of the three cases.

A typical Cy vs.]p" curve, "no power", is shown plotted
in sketeh 10,

Now we consider 'the effect of the increased velocity
on directional stability, due to the presence of the slipstream,
disregarding, for the moment, the change in the angle Oy g .

From this point of view, the curve represented by the dotted
line 1s obtained, for the effect of the increased velocity is

to multiply the value of the power-eff yawing moment by an
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approximately constant factor,

Now we shall consider the effect of the change in the
geometrical angle of attack, [] Ay g, of the vertical surfaces,
(Te recall that the dotted curve in sketch 10 corresponds to the
effect of increased velocity alone.) In the case of negative
yaw, G o 1s changed by the emount A oy g, through the action
of the slipstream, as shown in sketch 9.1, This produces a
negative change in yawing moment and moves point (l)'down to some
such position as point (2) in sketeh 10, Similarly, at zero
vaw, the angle of attack has been changed by a [l Oy, g,s but, as
is clear from sketch 9.2, the amount of this change is less
than before so that point (3) is moved down to point (4), a
smaller distance then before. At positive yaw, the angle of
attack has changed only very slizghtly as a result of which
point (5) is moved only a short distance to point (6). The
final "power-on" curve is shown by the long dashed line,

It is seen that the deviation of this "power-on”
curve from the "power-off" curve is quite similar to that of
the corresponding experimental curves in Fig., 21. Thus the
increase of static directional stability, due to the presence of

power, is qualitatively explained.*

*In the near future, tests are to be conducted at the GALCIT wind
tunnel, with the power model less its tail surfaces, to determine
the effect of power on static directional stability due to
vertical tail surfaces alone. When these results become available,
it is believed that the analysis of this effect of power can be
explained on a quantitative basis,
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To show the effect of power on static longitudinal
stability, we define

. ay

ac
where —-4 = slope of C, vs, V curve, power on,
ay ¥

L

dV = slope of Cy vs. w' curve, power off,

Fig. 22 shows a plot of B vs. the power parameter

"R" for the two angles of attack investigated,
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