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APPLICATION OF THE HYDRAULIC ANALOGY TO STUDY THE PERFORMANCE
OF THREE ATRFOILS AT SUBSONIC AND SUPERSONIC SPEEDS

SUNMARY

Two British airfoil profiles were tlested in the Georgia
Institute of Technology twenty foot by four foot Water Channel at
subsonic and supersonic speeds over a range of angles of attack.

A third profile, the Italian G. U. L, was tested at the same super-
sonic speed and angles of attack previously used in a water channel
examination of the G. Us 4 airfoil. The chord was increased by a
hundred per cent in this investigation in order to study the effect
of Reynolds Number. The water depth distributions for the three
profiles were obtained by the probe method. Through application of
the hydraulic analogy, pressure distributions were obtained from the
water depth distributions, and 1ift, drag, and moment coefficients
were in turn obtained from the pressure distributions by integration.
These airfoil aerodynamic characteristics were compared to wind tunnel
and theoretical results for the three profiles in air.



INTRODUCTION

Theoretical work on the analogy between flow of water with
a free surface and compressible gas flow was first presented by
Riabouchlnskyl in 1932, Since that time, further extensions of this
theory and practical applications have been made by such leaders in
the field as Ernst ;Pr'e:l.Erwe;:t'ler:,:Z Binnie and Hooker in England,3 the
National Advisory Committee for .aemnz~1v.1t‘,:l.ca|,1‘L and North American
b

Aviation Incorporateds.” Preiswerk's proof and explanations of the
application of gas dynamics methods to the flow of water with a free
surface are probably the foremost in the field. He conclusively
proved the validity of the hydraulic analogy as it stands today.
North American Aviation and the National Advisory Committee

for Aeronautics were leaders in experimental applications of the

T
D. Riabouchinsky, Mechanique des fluides. Comptes Rendus,

195, 19g2s PPe 790=999,

Ernst Preiswerk, "Application of the Methods of Gas Dynamics

to Water Flows with a Free Surface",
s Part 1. "Flows with No Energy Dissipation". NACA TH No. 93k,

1940, Ll

Part 2. "Flows with Momentum Discontinuities.,”™ NACA TM No,.
935, 19510. -

A. M, Binnie, and S. G. Hooker, "The Flow Under Gravity of an
Incompressible and Inviscid Fluid Through a Constriction in a Horizon-

tal Channel", Proceegiz%s of the Royal Society. Vol. 159 (London,
Englanda 1937, PP N

James Orlin, Norman J. Linder, and Jack G. Bitterly, "Appli-
cation of the Analogy Between Watern Flow with a Free Surface and
Two-Dimensional Compressible Gas Flow". NACA TN No. 1185, 1947.

Arthur Kantrowitz, "The Formation and 3Tability of Normal
Shock w§ves in Channel Flows", NACA TN No. 1225, 1947.

Jd. R. Bruman, "Application of the Water Chamel=-Compressible
Gas Analogy". North American Aviation Incorporated, Engineering
Report NA=-LT=-UT, 19Lf.



nydraulic analogy. Their work indicated that with the proper equip-
ment and methods, accurate quantitative as well as qualitative re=
sults could be expected from water channel experiments., These
theoretical and experimental developments have led to a very conven-
ient and quite satisfactory means for conducting aerodynamic invest~
igations, This method is particularly useful in compressible gas
study when no supersonic or high speed wind tunnels are available.

Work with the analogy at the Daniel Guggenheim School of
Aeronautics was commenced by John Hatch in 19u8.6 He constructed
a water channel for the purpose of making investigations relative to
nigh speed aerodynamics, and carried out some preliminary tests with
the equipment which demonstrated the considerable possibilities
pointed out in previous work. Further testing, with some alteration
of equipment, was undertaken by John Catchpole in 19497

Some of the advantages obtained through application oi the
nydraulic analogy and use of the water channel may be summarized as
follows:

(1) The relative cost is iow compared with wind tunnel or
flight tesus.

(2) vVisuai observations for the purposes of research or ine

struction of such phenomena as shock wave formation, vortices,

(4]

Jolm E. Hatch, "The Appiication of tne Hydraulic analogies to
Problems of Two=Dimensional Compressible Gas Flow", Unpublished
Haster'g thesis, Georgia Institute of Tecnnology, Atlanta, 19u9.

Eric Jonn Catchpole, “Application or the Hydraulic Analogy to
Study the Perrormance or two Airfoils in Compressible Flow". Un-
g;ﬁ;ismd Master's thesis, Georgia Institute of ‘rechnology, Atlanta,

®



turbulence, and Ilow pattern are possible. These same characteristics
mey also be photographed,

(3) High supersonic Mach numbers are obtained at model speeds
of a few leel per minute.

(4) Any Mach number may be achieved by a simple speed setting
while a nozzle change is required in wind tunnel worke.

(5) Since no choking can occur, transoniec observations are

just as simple as for subsonic and supersonic speeds in the movable
model type of water channel,

The present investigation is largeley concerned with (5) above,
since most ofthe tests were conducted at Mach numbers close to
unity. Supersonic and subsonic test results have proved the water
channel experimental values to be reliable. By virtue of this fact,
it is expected than the transonic water chamnel results will zalso
be relizble. In partial fuliillment of these requirements, two of
the three models used were tested in the transonic range in the
Georgia Tech Water Channel, Much more than necessary attention was
paid to the accuracy of water channel results and procedures for
application to air flow as compared with other experimental and the-

oretical results and procedures.



LIST OF SYMBOLS

Q
1

Speed of sound in gas
Cp - Section drag coefficient
CL - Section lift coefficient
Cm - Section moment coefficient, referred to leading edge
C"i' - Section moment coefficient, referred to quarter chord
Ce = Iocal pressure coefficient
¢ = Specific heat of gas at constant pressure
Cv - Specific heat of gas at constant volume
¥ - Adiahatic gas constant, ratio of Ccp to Cv
= Wzter depth
F. - Compressibility Factor
F - Degrees Fahrenhelit
9 - Acceleration due to gravity
h - Enthalpy
M - Vach number
P = Pressure of gas
P - Density of gas
R - Reynolds number
T - Absolute temperature of gas
V- Velocity of flow
P - Velocity potential in two-dimensional flow
® - angle of attack
X, Y - Rectangular coordinates in the flow plane

U,V - components of flow velocity in x and y directions, respect-

ively



LIST OF SYMBOLS (Cont.)

Subseripts

No subscript Any value of variable

1V = local value of variable
O = Value at stagnztion
S — Value in undisturbed stream

maX = Maxrimum value of variable

»”
1

Partizl derivative with respect to x

Eele ¢XE %%’ (Dxx:i %;;-%

Partial derivative with respect to y

~
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THEORY

The theory of the hydraulic analogy as presented by Ernst
Preiswerk8 will be reviewed here.

This theory of the analogy between water flow with a iree sure-
face and two-dimensional compressible gas flow depends on the follow-
ing assumptions:

(1) The flow is irrotational.

(2) The vertical acceleration of the water is negligible com-
pared with the acceleration due to gravity so that pressures in the
tluid depend only on the heighth of the iree surface above the point
in question.

(3) There are no viscous losses, thus excluding the conversion
of energy into heat or internal energy.

The energy equations for water and for gas give the relations
shown below in terms of welocity.

For water this equation gives _
vt = 29 (do-d)

Viax = VZg do

vZi= A9 Cp (TO-—T)
vmdx = Vzg cp To

It can be seen that V/V .. 1or water and air are equal if

and for gas

ToT = do-d
T do

. ()

or, if

{l

oo
AH

—
Ernst Preiswerk, op. cit.



This comparison of water depth ratio, d/d,, to the gas tem=
perature ratio T/T,, in the consideration of velocity is the first
step in the proof of the analogye.

The equations of continuity are now compared. For steady

two-dimensional gas flow, this equation is

P . d(ve _
o X * BT/E” ©

and for water

X oy

From these equations, a further step in the analogy is evolved as

d __ :
'a'; T p/ﬂo (2)

, By comparing equations (1) and (2), it is seen that the analogy
nolds only if the following equation is satisfied by the gas in ques-—
tione.

1T - & (3)
Ts Z

However, the temperature and pressure of the gas must alsoc conform

to the principles of the adiabatic relation (assumption (3))

]
T |1
(ﬁ) — T2 W

An inspection of equations (3) and (L) reveals that they are
simultaneously only ir ¥=2.

Thus, the flow of water is analogous to the flow of a gas hav-
ing ¥—= 2. Since & ror air is 1l.L, this appears to be a rather loose



comparison. However, many characteristics of gas flow do not depend

strongly on § . The significance of this statement will be further

illustrated.
Consider now the adiabatic relation and the preceding number—

£ = )= ()"

ed equations,

IR

P, (5)

The differentizl equation of the velocity potential for water
is as follows:

and the corresponding equation for gas is
y =
Prx (I” C_I?E..")'P_CPYY (1- @-&)——2‘?!7 Px Py - O. (T
Z* a a*
Equations (&) and (7) are identical if

99 . &=

~9 do A9 ho
From this relation it is seen that Jgd corresponds to the pressure
propagation velocity or velocity of sound, a, in gas flow. The ex-
pression @— is the basic wave propagation velocity in shallow

water with a free surface as proved by Leigh Page.9

7
Leigh Page, Introduction to Theoretical Physics. De. Van

Hostrand Co.s INce, Igza, PPe ¢lO=Zclle
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In water itlowing at speeds above Ygd , the velocity of ihe
flow may strongly decrease for short distances and the depth may in-
crease., An unsteady motion of this type is called a hydraulic jump,
and corresponds to a shock wave in a gas.

This completes the analogy which is summarized in the tollowing

table of corresponding quantities and characteristics.

Two-Dimensional Compressible Analogous Liquid Flow
Gas Flow, §=2
Temperature ratio, T/T, Water—depth ratio, d/d,
Density ratio, <2 Water-depth ratio, d/d,
Pressure ratio, p/p, Square of waler-depth ratio, ( d/dc)z
Velocity of sound, a = V;:E_- Wave velocity,\/gd
Mach number, V/a Mach number, V/Vgd
Shock wave Hydraulic jump

The application ol the analogy as it will be used in this in-
vestigation is as follows:
The Mach number oif the free stream may be calculated as
M s = Vs (8)
Vgds
The standard equation for the pressure coefficient at any

point on an airfoil is defined in the supersonic case as

Cp= P.— Ps (9)
x5 Ve


file:///ffp~

11

and in the subscnic case'l‘oaa

CP= Fe p‘/&-—’
Pty%_‘

(10)

Since

equation (9) simplities to

C p= A % py 1 ;
¥Ms | R
From equation (5)
ko (d., )*
K s
Thererore, in the present consideration, ¥=2.0, equations (9)
and 10) evolve as

and

(11)

2 (12)
Cp= Fe [@)- !

EI-1)

James Orlin, Normmn J. Linder, and Jack G. Bitterly, "Appli=-
cation of the Analogy Between Water Flow with a Free 3urtace and

Two-Dimensional Compressible Gas Flow". WACA TM No. 1185, 19L7.
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The compressibility factor for a compressible gas is

= d i )T

Since the hydraulic analogy requires that §= 2,0, the compressibility
Yactor simplifies to
— Z
Fe= | +J¢;_M5 (13)

Thus, by virtue of the hydraulic analogy, applicable equations
for the pressure coefficients from which all airfoil characteristics

data is obtained are set forth.
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EQUIPMENT

There are two types of water channels suitable for application
of the hydraulic analogy. The least expensive of these two is the
type in which the model is moved through static water. The other
arrangement is one in which the model remains stationary wnile water
flows past it. The former is in use at Georgia ‘lech and the Aero-
physics Laboratory of North American Aviation, Incorporatedll while
the latter is employed by the National Advisory Committee for Aero-
nautics at Langley Field, Virginia.l2

Other advantages of the movable model type include easy
acceleration of the flow, simple construction, and no boundary layer
effect from the sides and bottom of the channel., Its biggest dis-
advantage, which is not present in the stationary model arrangement,
is the difficulty of measuring the water depth along the model.

A general view of the water channel is shown in Figure l. The
frame is of bolted structural steel supporting a chamnel four feet
wide, twenty feet long, and approximately one and one fourth inches
in depth, The bottom of this channel is of plate glass in two tive
foot sections and one ten foot section. The transverse steel members
are spaced at thirty inch intervals and are supported by screw jacks

enabling the glass surface over which the model slides to be leveled

1l
Je R Bruman, OPe cite.
12 -
James Orliin, Norman Ge. Linder, and Jack G. Bitterly, op. cit.



within 0,001 inch at all points., This leveling is accomplished
through use of a depth gage; this instrument is zlso used beiore
each run to determine the static depth of the water in the test sec-
tion within 0.0005 inch.

A drain is provided at one end oi the channel.

The model carriage is of welded steel tubing construction. It
is moved along the channel on four rubber wheels which transrer the
weight ol the carriage to the upper horizontal steel members of the
frame, serving also as rails. Four rubber wheels with vertical axes
located at the carriage iframe corners prevent eny relative sidewise
motion of the carriage. The model is supported ahead of the car-
riage by a vertically free acting mount producing the towing force
end permitting the model weight to act on the channel bottom. This
mount is also radially adjustable and calibrated in order that the
angles of attack can be measured accurately. Safety stops are plac-
ed at the ends or the carriage track to prevent overrunning of car-
riage and model,

The carriage is driven by a one-quarter horse-power, single
phase, alternating current electric motor through a 3/32 inch
continuous steel cable. A reversing mechanism and a "Speed=
Ranger! device enable control of motion in either direction and at
varied speeds. An auxiliary power unit is availabie for high speed
and accelerating and decelerating runs. This consists of a 19.5 amp,
2L volt direct current series wound motor which drives the cable
through a set of reduction gears.

The combination of these two drive units provides speeds of
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from 0.5 to 5.5 feet per second. A photograph of the drive mechanism
is shown in Figure 2.

The correct timing for accurate speed adjusiment of the model
is accomplished by means of a microswitch placed on the track. A
cam 2.925 feet in length attached to the carriage trips this switch
which antomatically operates an electric timer. The timer is lo=
cated on the conirol panel above the water channel. This panel also
contains the instruments and switches lor starting, reversing, and
operating lhe drive mechanism.

When experimental work was first begun in the Georgia Tech
Water Channel, photographs were taken of the models to determine the
water depth distribution around the model. The metlhod and equipment
used in this work are described by Hatch.13 Photographic interpre=—
tation ol these resulls was not particularly accurate so znother meth-
od of measuring water depth was developed.

The model is fitted with a plexiglas bracket from which are
suspended steel needlie probes alongside the upper or lower surface of
the model at intervals of Q0.1 chord and 0.1 inch out from the model
surface. These proves are allached to adjustable brass screws which
are screved into brass bushings fitted into the plexiglas bracket.
Copper contacts are provided for each probe, Contact of the probe
with the water completes the grid circuit of a vacuum tube czusing
a reley to operate a signal light. As the model is moved through
the water, the probe is adjusted vertically until it just touches the

water, The status of The signal light determines the contacl position

13
Hatch, ope cit.
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of the probe point and the water surface., This is done for each of
the probes and the water depths are then measured by means of a
heighth gage and surface plate to within an accuracy of 0.001 inch.
A photograph of one of the models with the probes in place is pre-
sented in Figure 6.

Although no photographs were taken for the purpose of experi-
mental data, Figure 7 was included to show the flow pattern from the
bi-convex model in motion in the water channel,

The models were chosen because of the availability of both
subsonic and supersonic wind tunnel data. The models and a brief
description are as follows:

(1) Faired double wedge airfoil, 8.7 per cent ’c,h:I_clc{.:u'l The
model was constructed of lLacquered hard brass and had a 12 inch chord.
A descriptive diagram is shown in Figure 3.

(2) Symmetrical bi-convex airfoil, 7.5 per cent thick.ls This
was also constructed of lacquered hard brass and had a 12 inch chord.
A diagram is presented in Figure L.

(3) Triangular Ge U. U4 airfoil, 6.1 per cent thick.
model was constructed of shelacked mahogany and had a 2ly inch chord.

This model is shown in Figure 5.

1l
W. Fo Hiiton and F, W, Pruden, "Subsonic and Supersonic
High Speed Tunnel Tests of a Faired Double Wedge Aerofoil", BARC R&M
Noe 205{,5 19L3. -

W. Fo Hilton, "Subsonic and Supersonic Tests on a 7.5 per cent.
Bi-conv;z Aerofoil". BARC R&M No. 2196, 19LL.

Antonio Ferri, "Experimental Results with Airfoils Tested in
the High Speed Tunnel at Guidonia". WNACA ™M No. 946, 19L0.



PROCEDURE:

A test run was conducted for bolh the upper and lower surfaces

of the model at each angle of attack and each Mach number. The car-

riage speed was adjusted in accordance with the Mach number, the

17

static water level adjusted to the proper depth, and the desired angle

of attack set before each of these test runs. The probes were adjust=

ed during the tests by trial until they indicated the local depths

alongside the model. These depths were measured and recorded for fu=

ture use in calculating the pressure coefficients. The equipment
used to accomplish these tests has been described in the previous

section.
TESTS CONDUCTED:

The foliowing tests were conducted at a static water depth of
04250 inch under the conditions described below,

Faired Double Wedge Airfoil
M — loll-s <x="'5, "'h’ -2, 0, 2, h. degreea

N = 1.2 K= =5, =Ly =2, 0y 2, 4y 5 degrees

Bi-=convex Alrfoil
M = 1.25 = =Ly =2, 0, 2, Ly degrees

Ge Us ll- Alrfoil

M = 2013‘ &= "2’ 0, 2, 6 degrees

The tests conducted at a static water depth of 0.750 inch were:



Faired Double Wedge Airfoil

o= =2, 0, by 7 degrees

Bi-convex Airfoil

A= =ljy=2, 0y 2, Iy degrees

18
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COMPARIS N AND DISCUSGION
sach of the airfoils tested will be discussed separately which

will involve sone renetition but allow & more thorough coverage.

Faired Double iedge ifirfoil

This airfoil was tested as described in the previous section.
A sample calculation for the pressure coeffigcisnt and also the
corrected pressure coefficient is prasented in Table I of Appendix I.
411 of the pressure coefficients as calenlated by !guation 9, using
¥= 2.0, were corrected to ¥= l.4 by means of a correction procedure
deduced from Figure 1 of the Nationzl idvisory Committese for iero-
nautics Technical Note 1185.1? Results were obtain=zd for both
¥= le4 and 2.0 by integrating the plotted pressure distributions,
examples of which are shown in Figurss 8, 9, 10, and 11.

Values of 1lift, drag, and moment coefficients are shown in
Table II and plotted in Figures 15, 16, 17, 18, 19, 20, 21, 22, and
2%+ These plots prassnt both”the carrected and uncorrected mezsurad

18 ond sither the Busemann

values in comparison with wind tunn=z1 tests
or sxtrapolated Acksret thsory when applicable.
Figures 8 and 10 represent ths supersonic chordwise pressure

distribution as being typical of the plots obtained for this air-

foll. Figure 9 represents a typical supersonic thicknesswise pressure

distribution and Figure 11 the subsonic chordwise pressure distribution.

17

James Orlin, Horman Linder, and Jack Sitterly. op. cit.
18

We Fe Hilton and ¥F. W. Pruden, 00w cit.
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Since there is no mezns for direct comparison of these plots to
either wind tumnel or theoretical results, only = gsnerzl discussion
can be presented.

Figure 10 shows & small unexpected pressure peuk for the lower
surface at approximately 0.30 chord. {his may probably be attributed
to a bow disturbznce of approximately 2.5 inches width, centering
st the le_ding ed-:, which invalid:tes sssumption (2) of ths theory
concerning msgligible vertical accel:rutions at that point. Diserep-
znecies are also noticeabls in aporoximitely the same locotion in Fipgure
8s 4 similor shzro breuking peak occurs zt avout 0.75 chord for the
upper surface in Figur: 8 and is believed to have been cansed by expan-
sion waves aft of the point of maximom toickness. Although a positive
incrouse is expected 1n tha pres.ure coefficient close to the trailing
2dge, it 1is unlikely that 1t increases as rapldly as is evidenced in
particular by the lower surface in Figure 6., It is very possible that
a separztion of the flow in this neighborhood oceured wiiich czused this
increase. If that be the casze, the pressurs distribution will correspond
more closely at the trailing edce to 2 wind tumnnel plot than to & theo-
reticzl plot.

Figure 9 requirss no particular discussion since a thickness
pressure plot is not suitabls for discus:zion as to trends and effects.

As is to be exnected, tne chordwise pressure distribution for
blach number of .8 is smoother in shane than for the supersonic plots.
The nepative pressure peaks occur at the approximate location of tioe
points of reflex for the upper and lower surface, but the steep slope

of the curves toward tne trailing edge definitely indicates separation
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of the flow. A positive peak also occurs at about 0.25 chord which is
partially caused by the bow disturbance, zgain invalidating sssumption
(2) of the theory =t this point.

A slight clockwise tilting of the water level about the half
chord, more noticsabls in the desper water subsonie tests, produces
a slight gradient error in the probs readings which produces larger
pressure coefficients for the forward half of the chord and smaller
coefficients for the aft half. It is believed by the writer and other
observers that this gradient error is a function of local velocitics and
friction of the water on the model.

The corrected pressure coefficient curves seem to follow ths
¥=2.0 coefficient curves with little deviation, but a closer serutiny
shows small differences which revezl themselves in the 1lift, drag, and
moment results.

It is believed that th-re is a basic error of very small con-
sequence in the equipment and procedure setup wnich will affect the
pressure distribution slightly. This will be discussed in a later
section.

A review of Figures 15 through 23 reveals that the water channel
results follow the correct trends and with a few exceptions, the guan-
titative agreement with the theoreticazl and wind tunnel results is good.
An occasional "wild" point such as the §=0° point of Figure 16, &= 2°
of Fipure 19, and &= 4% of Figure 23 is noted. Since ths agreement
is generally close, these points are apparently effects of human error

and technological inconsistencies., Particularly good results are noted
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for the 1ift comparisons with the greater deviations occuring at the
larger angles of attack for all of the coefficient presentations.

It is seen that the ¥ correction is of notable importance since
it corrects the experimental results in the right direction almost
without exeception. Although this correction is usually small, it is
definitely a step in the right direction.

The corrected wvalues approach the theoreticzl curves more closely
than to the wind tunnel results waich is in opvosition to the findings

of Catchpole's inveatigations.lg

However, agresment between analogous
rasults and theoreticul results is to be expected since neitner theory
nor water channel calculations include viscosity effects which do appear

in wiﬁd tunnel test results.

Bi-Convex Airfoil

The tests and metnods of c.lculzating results are the sams for
this airfoil as for the faired double wedgs airfoil, 4L summarization
of the test coefficlents is presented in Table III of Appendix I and the
corresponding curves appear as Flgures 25 through 29 where they are

compared to wind tunnel results®’

and extrapolated Acksret theory when
applicable.

A typical thickness pressure distribution is shown for a liach
number of 1,25 in Figure 12, The =ffect of the ¥ correction is plainly

evident in this case since the area ov:r the lowsr surface is larger

19
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in the case of ¥= 1.4 than for ¥= 2.0. The subsonic chordwise pressure
distribution of Figure 135 is very similar to the subsonic pressure dis-

tribution for tune faired double wedge alirfoil with the same trensd at |
the lezding and trailing edge. Howzver, the decrease in pressure coeffi- |
cient at the traziling edge is not as notic=able as in Figure 1ll.

Figures 24, 25, and 26 suow that the water channel results follow
the correct trends with very good guantitative agreement in the case of
lift and moment. However, it is noted that the experimental results
approach wind tunnel valuss more closely than to the theoreticzl curves.,
This may be coincidental sinee the wind tunnel and theoretical curves
are also in relatively close agreement and there are several chances
for error in obtzining tue final experimentsl veluss. ©Ths § correction
s2:ms to affect only the drac cosfficients in any apprecizbls amount.

It is believed that the close sup:rsonie quantitative ugreemesit, espe=
cially in the case of the moment cosfiicisnts wnicn zre difficult to
obtain accurately, 1s & rssult of the small flow deflection znglas fur
tas mouel.

Figures 27, 8, and 29, walch represeut the subsonic invest-
igations, reve:l desirable gualitative zoresment but the gquuntitative
results are not as good as in the cese of the supersonic comparisons,
This may be explained by a previdus assumptlon that there is s more
azctive separation of flow elose to the trailing edsze at this hich spesd
"streaming" condition. It has besn a (eneral observation that bettler
results are obtzined at the lower angles of sttecks Since thire would

be a greatar tendency for flow separation and other flow inconsistencies
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to occur at the higher angles of attock, it would appear that tiis

agsumption of flow separation is valid.

Ge Us 4 Airfoil

4s was stated in a previous sectioh, the main purpose of the
experiments on this airfoil is a Reynolds Number considsration. Tests

~l on this same profile at the kach number

were conducted by Catchpole
used in the present investigatlon., However, the chord was increased
by 100 per cent to give a basis for Reynolds number comparison.

The test coefficients for this airfoil are compiled in Table
IV of Appendix I and are depicted grapnlcally in Figures 20, 31, and 32
as comparisons to Ferri's wind tunnel balance tests at Guidonazz and
calculations based on the “exact' theory.

The Reynolds number used in Ferri's wind tunnsl tests at Guidonia
we.s approximately 720,000 while Catchpole's tests were conducted at a
Reynolds number of 203,000 calculated for a water temperature of 86°F.
The investigations presented herein were made at twice the previously
used number of 203,000 or 406,000 This approaches the Guidonia Reynolds
number near enough for there to be only smell discrepancies in results

as far as Eeynolds number effects are concerned.

A sample pressure coefficient plot is presented in Figure 14

21
John catchpolao OE. Cite
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Antonio Ferri, "Experimental Results with Airfoils Tested in
the High Speed Tunnel at Guidonia". HACA TM No. 946, 1940.
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along with a theoretical pressure distribution for §= 1.4 and ¥= 2.0

S 4 similer observation as to the

using Busemann's parabolic formala,”
effect of the bow disturbances on the pressure coefficient for the

first portion of the airfoil is noted for this airfoil as for the faired
double wedge profile. A slight increase of both the uppsr and lower
surface pressure cosfficients toward ths trailine edge indicates the
effect of flow separation. This effect is more pronounced at the higher
angles of attack pressure distributions which aren't pressented in this
thesis. The lower surface coefficients are somewhat higher than expected
and suggest a basic error in method.

Figures 30, 31, and 22 reveal the correct trends with fair
quantitative zgreement noticed for drag and moment and & better compar-
ison for the 1ift coefficients. The tendency for the coefficients to
approzch theorsticzl results is =2ven more noticeable for this profile
than for the fairsd double wedge airfoil. This is particularly evident
in Figure 31, where the test results depzrt from wind tunnel values
considerably and follow the same path as Busemann's theory.

- A comparison of the results obtained in this investigation with
the Catchpole's results indicztes an approximate avarage of 25 per cent
closer quantitative agreement with theory and wind tunnel for the
nigher Reynolds number tests. However, all of the results obtained

and presented in this investigation have bzen gensrally better than

23
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those of previous investigations due to improved methods of experimen=

tution and study. Nevertheless, since tuis model was constructed of

mehogeny wiaicn is not zs conducive to good flow conditions or as accurate

in eonstruction zs a brass model, it is wery likely thzt the higlher

Heynolds number effect was an aid in seeuring bettzr results.

General Discussion

The results obtained in this investication survzssed expect-
ations as to botn tueir gquantitative und gualitative accuracy in zgrse-
ment with theoreticel and wind tunnel weluszs. The trends cre &lmost
without =xception corrsct and seem to zdhere more closely to the patis

s has been proviously explainsd neglects

o

followed by theory wiich,
the effects of viscosity., The several n.ow exveriment.tion methods and
techniques waich have been incorporated sines pravious investigations
are responsible for these improved test results,

The most consistent discrepuncies in test coefficients occured
in the drag considerations. This is easily explained in that an
integration of the thickness wise pressure distribution for the deter-
minztion of the drug coefficlent is an approximation at best due to
the nature of the points which fzll in close proximity to esach other
in an inconsistent pattern. However, tihis method is sufficiently accu~
rote to indicate general results.

The nzature of Equution (11) of the tueory section, CP-'_L (_,__‘)-1
MZ (\ds
is such that it can be seen that & smell error in the measurement of

d,, dg, or lig can produce a consideruble error in Cpe 4lso, the

0o
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tecnnicue by which the B'correctien for Cp is obtained possesces
possibilities of error. However, the methods of measuring lig, dj, and
dg have been improved to the point where tasre snould not be any errors
of large consequence in CP' Kor suculd tne errors in tne corrected

Cp be grest since it depends on the original ¥=2.0 Cp and velues taken
from Figure 1 of the National Advisory Committee for Aeronautics
Technical Note 1185« In spite of tnese new and improved tecunigues,
there is still the probability of small errors in the determination of
the coefficient of pressure for botha Y=-2.0 and l.4, contributing to
the fuct that some of the water channel 1ift curve sloves presented
here, with the slopes of the theoretical lift curves indicates an
anproximate 7 per cent averace error with the largest diserspancy of 15
per cent occurinz for the bicoanvex profile at a Macn nomber of 1,25.

A similar comparison for the slopes of the moment curves reveals an
error of approximately 15 per cent. A consideration of the agreement
between the quantitative experimental and theoreticzl drag eoefficients
shows & very general average error of ubout 14 par cent.

Although Busemann's theory gives an aporoximate constant error
in the change of ¥ from 1.4 to 2.0, the error in, for exarple, the
1ift coefficisnt for the G. U, 4 airfoil at K = 2,13 and 0° is approx-
imately 0 per cent Decsuse of the small absolute value of the 1lift
coefficient at this point. The percentage error drops tc a mmuca smaller
value at the higher angles of attack where the absolute value of tne

lift coefficient is relatively large. The importance of tha!K correction
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for test results is evident since most supersonic flight work will be
conducted a2t low angles of atteck. A general resumé of the presented
performance curves indicates that this first attempt at & correction
hzs bsen succussful in that it has improved the qualitative trends of
the curves somewnat and has been a particular improvement in quanti=-
tative results. The increments in coefficient values brought zbout by
the change from ¥W=2.0 to l.4 are reasonsbly consistently of the same
megnitude for any one curve as is expected since the increments calou-
lated from Busemann's formla are approximately of the same value also.

A general failing of the hydraulic anzlogy is the fact that it
only takes into account normal pressures in the determination of 1lift,
drag, and moment coefficlents, whereas shear effecis are neglected.
This factor contributes to the generzlly closer agreement between
water channel test results and theoretical values than between water
channel test results and %ind tunnel date which, of course, takes into
acecount viscosity effacgs.

The shortcomings of the hydrazulic analogy and its appnlication
in the present investigation have bezn pointed out in this section along
with a brief discussion of results. These shortcomings are now of
relatively small consequence as & result of the improved methods and
techniques employed. The results are z good indicztion of tiis but

there is still room for further improvement and development.
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CONCLUSILNS

Ag was stated in the Summary, an investigetion of two British
airfoils and a Guidonia airfoil was conducted through application of
the hydraulic analogy. The performance results have been compared to
wind tunnel and theoretical results and are presented hsrein.

There was a vast improvement in the quantitative agreemsnt with
the values used for comparison thaa in previous investigations as a
result of improved experimentzl equipment and techniques. Good quanti-
tative agreement was expected and was obtained since the hydraunlic
analogy has yielded the correct trends in past investig=tions by H‘atch,24
Thomas,®® and Catehpolef® It was also roughly determined that thore
ig an effect of Heynolds number on testing results; 2 high Reynolds
number giving better results.

This application of the hydraulic anzlogy hzus been the first
at Georgia Tech to employ & ¥ correction in the determination of Cpe
The overzll éi‘feat of this correction indic;;itea thh t it should be used
in future experiments as it produces & definite improvement in results.

The majority of the tests were conducted zt hich subsonic and

low supersonic speeds. By virtue of this fact, it was & particalar

24
Joh.n :.'Iatch- 02. cits
25
Gerald B. Thomas, "Application of Jater Channel Compressible
Gas Analogles to Problems of Supersonic /ind Tunnel Design". Un-
published Master's Thesis, Georgia Institute of Technology, 1949.
26
John Cu.tchpole. 0D cits



pleasure to note the excellent results since transonic
very difficult to study in a wind tunnel.

Thms, the water channel has proven itself to be
easily operated, and very useful means of studying the
dimensional compressible flow. Subsegquent development
techniques will probably further demonstrzte the value

channel as 2 research tool.

phenomenz is

an inexpensive,
problems of two
of experimental

of the water

30



HECOMMENDATIONS

(1) All models should be formed from brass for better flow
conditions and more accurate construction. Although 2 mahogany model
slides smoothly on ths glass bottom, it is impossible to machine its
surfaces as smoothly as brass or reproduce its contours as accurately
a8 in the case of a brass model.

(2) It is believed, by visual observation, that the probes are

placed too far from the side of the model. Figure 33 depicts the location

of a probe as it was placed in these experiments., It can be seen
that the probe should define the water depth at point A but at present
it appears to measure the depth of the rise in water at a point
where tne rise has begun to fall off. The purpose of placing the probes
0.1 inch from the side of the model is to avoid the meniscus effect.
It is unlikely that the water, particularly in the stale stage, has a
meniscus of 0.1 inch. It is therefore recommended that an investigaztion
of the meniscus arcund the model be made and the probes be replaced
accordingly.

(3) A study of the aerodynamic phesnomena for zn airfoil at a
Mach number of unity should be conducted. Although the tests reported
in this thesis validate transonic observ:otions, an investigation at a
Mach number of one would probably substantiate transonic studies zt a
point of considerable interest. -

(4) Altnough of little value, a study in the water channel of
an airfoil with a detached siock would be extremely interesting if

adeguzte comparison data were available. A method suggested by

a1
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}.*‘erri'?"? of evaluating pressure drac for flowus with detached siocks

from the s.edow picture tzlen from above tihe model could be used.

27
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Flow witu Detached ShockM. HACs TI Noe. 1808, 1949.
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SAMPILR CALCUIATION OF PRESSURE COEFFICIENT FROM EXPERIMENTAL DATA
Faired Double Jedge Airfoil, Lower Surface, &= 0°, dg=0.250 inch, dg=0.,513 inch
Timpr reading=1,19 seconds, Timer cam length=2.925 feet
= Z925
M.s ia. — |.45, JM—":; c4qa15
S (§=240) L, [/du)\™ ‘E— (11)
L% I~ e — P—— — a(Ile
P MZ a’;) - 3

AN AT N A
C. (¥=l.a) = L ( \ - (
b z s =
M {[ Poly=.¢ %, ¥=2.0 %‘s !
(1) (2) (3) (4) (B) (6) e S (8) (9) (10)
Station dy/dg d1/dy (p1/Po)¥=Lled  (p1/Dol¢=2.0 (4)/(5) (a3/ag)® (6)x(7) up(:=1.41 Cp(¥=2)
(% chord)
10 1.338 651 51 43 1.19 1.79 2.13 <537 376
20 1.252 610 46 .38 1.21 1.57 1.90 429 271
30 1.225 «596 a2 «35 1420 1.50 1.80 +381 <238
40 1.100 +536 «36 29 1.24 1.21 1450 238 100
50 0.996 485 29 23 1.26 0.993 1.25 119 ~=.003
60 1,024 499 «31 «25 1.24 1.05 1.30 o143 «024
70 1,020 497 31 25 1.24 1.04 1.29 138 019
80 1.024 «499 31 25 1.24 1,05 1430 0143 024
90 1.096 534 36 .29 1.24 1.20 1.49 233 «095
3
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James Orlin, Norman J. Linder, and Jack G. Bitterly. op. cit., Fig. 1.
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TABIE II

EXPERIMEN TAL VALUES OF LIFT, DRAG, AND MOMENT

COEFFICIENTS FOR FAIRED DOUBLE WEDGE AIRFOIL

M= 0»80, ‘6'-'2.0

c G
(degrees) & % M-g
-2 -0162 QOHD 0002
0 «0L8 029 -.02l
ﬂ ohbh 005? -.032
7 « 8L <134 -,016
M= 0.80’\6=10h
C X .
(degrees) L ‘D Gh%
-2 =e1kL9 «033 »002
0 00}42 .025 "‘002:4
N oLils2 052 -.029
« (36 «115 -,01L
M=1.21,%=2,0
oL C Ces
(degrees) L D k#
""5 "’.m 0067 .Oul
-l -. 406 079 036
-2 -a221 050 028
0 «029 0L6 006
2 «198 051 -,025
u OhOB .O‘{? "’0030
5 Obbs .Odh "'0014»9




TABLE II (Cont.)

M= 1.21, X::: loh

¥ = 145, §=2.0

M = 1.45, B:‘"loh

(degrees) i
-5 -9 095 «05k
-u "01128 .087 -OlL.?l

0 029 +OLb «007
2 - 212 005,4 "'-029
u om .08}4 --D).lo
5 05?8 0092 "l053
oL CL .

(degrees) D C“‘k
-5 "0306 .063 0056
-l =234 J0L9 043
-2 -.101 .01&0 .0 2h

0 "0008 0031 QCD6

2 -.1.21 .C‘hll, -.018

l.l. 02’.11 1050 -0039
C

(de?r%es) b cD CM#
-5 ‘-.32J. .000 .Obh
=L ~e 2“9 005’4 .038
-2 -o 11l 0hL 021

0 +010 032 006
2 «13L 049 -.010
L «253 «057 -.038

4O
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TABLE III
EXPERIMENTAL VALUES OF LIFT, URAG, AND MOMENY
COEFFICIENTS ¥OR BI=CONVEX AIRFOIL

M= 0.60, 322.0

G C
(dagorsées) - “ ﬂiﬁ
"h '-.60 .0214. ".001
-2 ".30 .01}4 -.020
0 <00 »008 .000
2 «30 0Ll 020
b o0 02l L001
M= 0,80, =14
oL C # ;
(degrees) S b bm.i.
-l -s55 021 -o001
-2 -e27 0Ll -,020
0 «00 +008 000
2 o2 +OlLy 020
L ) 02k .001
H == 125, ¥=2.0
(o &8 C p e
(degrees) . “ 5“*
-l =oli52 +05¢ $050
"'2 -.2-L2 .035 -030
0 000 <033 «000
2 0212 ¢OBb -l030

Ll 0h52 005f -.050




LABLE III (Conte.)

M =
1.25, Y= leit

L2

(aegrees) o
Cy
Cu
—h *
= -oli56
: s 062
B =
0 1037 e
it L0ks 5
L0k 05
<05k




TABIE IV
EXPERIMENTAL VALUES OF LIFT, DRAG, AND
MOMENT COEFFICIENTS FOR G. U, li AIRFOIL

M= 2,13,¥=2.0

(deglgees) °L % u
-2 =072 «012 022
0 .006 009 006
2 .OlI.O OOl-L -.020
6 .181 .022 -'052
M= 2.13,\6=10h
G C
(de%ees) L b %
"’2 ""0080 0016 .026
0 007 013 007
2 +051 01l -.025
6 +216 «028 =.060
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FIGURES




FIGURE 1

GENERAL VIEW OF WATER CHANNEL
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FIGURE 3.

’ NOTE
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FIGURE 4. BlI-CONVE X AIRFO/L




SUPPORT HOLES

- MAX. THICKNE.
I58°R ’ /I/ S iames NEAE
s A e
L i i B e,
| 0} | i
‘ i
- 24" e e
;__"___“______ 712" - 12 -
] 3} e
| | & —T-
j’“ ! & ! £ 2#
Ead e : 2 ———-—-JI-—-—- 4 = a-l I'_

FIGURES. GU. & AIRFOIL AMODEL




FIGURE 6

VIEW OF MODEL WITH PROBES IN POSITION
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FI GURE 7

FLON ABQUT BI - CONVEX MODEL



