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NATIONAL ADVISCORY COMMITTEE FOR AERCNAUTICS

TECENICAL NOTE NO. 1185

APPLICATICN OF THE ANALOGY BETWEEN WATER FLOW WITH
A FREE SURFACE /ND TWO-DIMENSIONAL
COMPRESSIBLE GAS FLOW

By W. Jemes Orlin, Normen J. Lindner,
and Jack G. Bitterly

SUMMARY

The theory of the hydraulic snrlogy, that is, the analogy
between water flow with & free surface and two-dimengional compressible
gas flow, and the limitatiops and conditions of the analogy are
discussed. A test was rum using the hydravlic analogy as applied
to the flow @bout circuler cylinders of varjous diametors at subsonic
velocitles extending into the supcreritical range. The apparetus and
techniques used in this application are described and criticized.
Reasonably satisfectory agreeuwent of pressure digtributions and
flow fields existed between water and air flow aboub corresponding
bodies. This agrecment indicated thce possibility of extending
experimental compreesibility rosearch by new methods.

INTRODUCTION

An enelogy exiebs betwecen water flow with & frce surface end
two-dimensionsl compressible ges flow (hydraulic enalogy). The
water rust flow over a smooth horizontal suriace bounded by
vertical wells geometrically similar to the walls bounding the
corresponding compressible gas flow.

The mathematical basis of this hydraulic anelogy wae presented
by Rigbouchinsky in reference 1, in which he also described his
gpparatus for investigating the flow in a Leval nozzle. In

" reference 2 s he extended the theory to include drez considerations

and outlined the probvable ucefulness of the hydraulic analogy.
Binnie end Hooker, in referecnce 3, obtalned surveys &long the
center line of & chamnel with & constriction. By employing the
cheracteristics method to calculate accurately the flow in a Lavel
nozzle, Preiswerk, in reference L, demonstrated conclusively that
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the methods of gas dynamics can be applied to water flow with a
free surface.

The National Advisory Committee for Aeronautics became interested
in the hydraulic analogy because it seemed an easy and. inexpensive
wey of studying two-dimensional compressible gas flow; in particular,
phenocmena occurring in air at spceds too high Tor visual observations
could be observed at very low speeds (3 or Ut fHs) in a water chamnel.
Preliminery investigations were made in the Langley tank no. 1,
where difficulty with the vertical accelerations - agsumed negligibly
small in the analogy - was experienced.

A watcer channel was designed and constructed in the Langley 8-foot
high-speed tunnel in the suring of 1940. The chennel was so
constructed that flow fields involving both subsonic and supersonic
velocities about aerodynemic bodies could be investigated. The
value of the analogy in such flow fields has not been previously
demonstrated. The development of the measuring apheratus and
techniques is presented herein. The application ol the analogy to
flows through nozzlcs and about circular cylinders at subsonic
velocities extending into the supercritical range is also presented.

SYMBOLS
o specific heat at constant pressurc
Cy specific heat at constant volume
¥ adiabatic gas constant, ratio of ¢, to c¢; of ges
T absolute temperature of gas
P mass density of gas
D pressure of gas
h enthalpy or total heat content
q dynamic pressure of gas (%DV%)
o] surface tension of liquid
iz vressure coefficient <P-Z—e;-—P-s—\

0 viscosity of liquid
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M

epeed of sound in gas ( /7§>

\

velocity of flow

wabter depth

Mach number, stream velue unless ctherwice indicated
¥ fop gas;—== for vute\
& \/&d }

acceleration of gravity

compressibility factor

rectangular coordinate axes

components of velocity in x and y directions, respectively

velocity potential in two-dimensional flow

wave length of surface waves in fluid

velocity of propagation of surface waves in fluid

diameter of circular cylinder

VDp
Reynolds number \-—

angular measvrement (:lock‘wi ge¢ ebout cylindor; at stagnation
boint, B = 0°

Subscriots:

No subscript any velue of variablo

0]

value &t stagnetion (V =

velue for completecly undisturbed static conditionms,
no flow in channel

local value of variable; valuc at surface of model,
at chennel wells, or in fisld of flow

value in uvndisturbed stream
any two velues of variable

meximmm value of variable
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cr critical value of veriable, value at which
Mach number of 1 is reached at some »point
in flow
x partial derivative with respect to x
for example: ¢x = Ot ¢xx = ol
¥y partial derivative with respect to ¥

THEORY

The following is a condensation of the theory end mathematical
development of the hydraulic enmalogy ae given by Preiswerk (reference U),

Two assumptions are made in the methematical development:

(1) The flow is irrosational.

(2) The vertical acccleraticns at the free surface are negligible
compared to the acceleratica of gravity. The nressure in the fluid
at any point therefore depends only on the height of the free surface
above that point.

The analogy between the flow of water with free surface and the
Tlow of a compressible gas mey be obtained by setting up the energy

equations for each. TFrom the energy equation Tor water, the
velocity is

V2 = 2g(3, - &) (1a)

and

The corresponding equation for the velocity of a gas is
(5]
Ve = 2g(h, - h) = 2gc,, (T, - 1) (2a)

and

Vax = \/ 2ghy = \,/ 2ge,Ty (2v)

Y =
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Therefore, if the ratio VNV, for gas is equated to
for water,
dO ‘._.d.‘ i hO - h E To 3 T

|
|
|

O O

or

s

The equation of continuity for water is

3

‘ Z,r(ud_)_ ; O(V@) 3
| . bals | - dy

LA

0

The continuity equation for two-dimensional ges flow is

& o(v
d(up) , Ove) _ o

- :
ox oy

3

(3)

(1)

(5)

rom equations (&) and (5), a further condition for the analogy

may be derived

L SP E
dQ QO

| ' Since for adiabatic iscntropic flow in the gas

‘ Ry

‘ po )

and since, in the enalogy, from eguetions (3) and (6)

| P G 4
S -

’ then il

| 7-1

‘ . : (T >7

| o

(6)

(7)
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end, therefore, the analogy requires that 7y = 2.0.

From the relation

it may be ssen, since 7y = 2.0, that

The velocity potential for water is given by the squation

7 P -
g b, P
o J st y
¢n(1- ~~~~~ + Goo |1 - ~2— |- ofy = D (9)
\ ad Iy ed X od
\
and the corresponding equation for asg is
~a\
g.- .
¢xx 1 - “i%T ¢YV 1 -t & xy“““:t'= e (10)
\
Therefore, for identical expressions,
P 2
Bk Bl (11)

2gd'(\ a’:;ho

From equations (9) and (10), the velocity VEE in the liguid
?low is seon to correspond to the velocity of sound in gas flow.
In = subseguent section entitled "Discussion," the value of ygd
is shown to be the velocity of propagation of surface waves, the
wave lengths of which are large in comparison to the waber depth.

The yatio of -jﬁ in the liquid flow coriesponds to the Mach
number T in the gag flow.

I the velocity of the liquid flow is less than VEE M< l),
the vater is said to be "streaming." If the velocity of liguid

flowv is greater than ygd (M > 1), the water is said to be
"shooting."
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In shooting water under certain conditions, the velocity of the

flow may strongly decrease for short distances and the depth may
increase. An unsteady motion of this type is called a hydraulic
Jump. Hydreuwlic jumps of small intensity are propageted with

the velocity ved.

The analogy may be sumerized as follows:

Significant quantlties
and chareacteristics
of two-dimensional
compressible gas flow,
Fw 2

Corresponding values
in analogous
liquid flow

Temperature ratio,

=]

(o}

Density ratio, £.

Po

Pressure ratio, £—

Po
! : (7D
Velocity of sound, a =y —=
P

.
Mach number, ;

Subsonic flow
Supersonic flow

Shock wave

. 3
Water-depth ratic, "1=-.-
-
Jater-depth retio, -‘a}_-
©
Squere of weter-depth ratio, (
Wave velocity, ,/zd

£
Mach number , --f—_:
\/ {.«_’f:‘.
Streaming watex
Shooting water

Hydreaulic Jjump

v |
\ o

C

N~

\ &

The Mech numbers in the liquid flow may easily be computed.
If equation (la) is substituted in the expression for stream

Mach number

the expregsion becomes

Vg

o

M= ——

Nz

(12a)
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The points for M = 1 are located where the depth is two-thirds of
the total head as is easily verified from equation (122) . The
local Mach numbers are computed from

!2(@0 % dz)ll/2
My = l—-——-—-—-— (12p)
dy

The pressure coefficient, a significant quaniity in compressible
gas flow, mey be computed for liquid flow. I (:~{> is substituted

F1
for — in the expression for pressure coefficlient

2
= 1
A
L >} iy 1
T o= ﬁ{/( e

the expression becomes - a3y

P=F, | S (13)

(@]

For a compressible gas
r 7 T

2 ] ¥ - 1 O\ﬁ
F. = Ll+ — M~ -1

C 71\7 (__

and with 7 = 2.0, as required by the hydraulic anelogy, the
compregeibility factor is exactly

When the enalcgy is epplied to the study of air flow, accurate
guantitative results will not be obtained because, for strict
agreement between water flow and gas flow, 7 must equal 2.0
whereas for air 7y is 1l.4. The relation between pressure ratio and
local Mach number for the two values of 7 1s shown in figure 1.

A given pressure ratio corresponds to a higher Mach number in eir

than in the fictitious gas with 7 = 2.0. The corresponding depth
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ratios d/do shovn in figure 1 are equal to the square root of

the pressure ratios for 7 = 2.0. With a given strcam Mach number,
the absolute value of the critical pressure cocfficient (fig. 2)

is lower in air than in the ges with 7y = 2.0. Thc differences

are not very large, however, and the flow »hecnomene observed in
the water flow should be qualitatively thec same as those occuriing
in the two-dimensional compressible flow of ai:.

APPARATUS

The tests were conducted in the vertical, return-flow water
channel which was designed and constructed in the Longley 8-foot
high-speed tunnel. Figure 2 shows the flow circuit and plan view
of the free water surface and aleso the orifice locations of the
water channel. A motor-driven proveller of l-Toot Ciameter forces
the water into the expanding section and thiouri o screen into a
large quieting section. The fluid is acceleratec in the convergent
section and flows through the test section dovnetecm to the propeller
so that continuous flow is meintained. The tes’t secction could be
replaced by the nozzles shown in figures %(a) to L(c). The shape
of the chamnel test section is given for comparicon in figure 4(d).
The entire floor of the entrance cone and test section is horizontel
except for the diffuser which has a 1° slope. TFor a static denth
of 1.5 inches, the maximum volume flow is arroximately 540 cubic
inches per second and the power required is l/lO horsepower.

Water depths at points in the test section were obtained with
the survey equipment shown in figures 5 and 6. LA block on which
weés mounted a vertical shaft tipped with a Tine wire probe (0.030~inch
diameter) could be moved both parallel and pervendicular to the
chennel axis. The probe was capable of 2%-inch vertical travel con-
tinuously measureble by a standerd microméter to the nearest one-half
thousandth of an inch. A small neon laemp was movnted in series with
the insulated probe and the water to provide a Dositive sign of con-
tact between the probe and water level.

A similar micrometer uvnit, movable along a single fixed ratl,
was located upstream along the floor center line Lo measure total
head. Water depths could also be measured by static orifices on
the channel walls and along the floor. Each orifice was cornected
by a velve to a common sump and burette. By ooening only one valve
&t a time, individual pressures could be obtained in the burette by
means of a vernier height gage fitted with a hairline mirror sight.
The locations of these orifices are shown in figwre 3.
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Photogrephs and motion pictures of the free surface could be
obtained by cameras mounted above the test section. A Strobolux
and Strobotac were used as the source of illuminetion. A circular
gless plete, fitted into the r‘enter of the floor of the test sectiom,
permitted illumination of the water surfaces from below.

METHODS

e

The two-dimensional mcdels were mounted at the center of the
gless plate, one end flush with the plate and the other end extending
above the water swuirface. Orifices were drilled in the model a
fixed distance above the glass plate and normel tc the model surface.

~ From the theory of the hvd_r‘%llc enalogy, it is readily secen
that accurate measurements must be made of the depthe in all
measurable points in the chamnel. For each operating speed two
readings were usually cbtained for each data point, one by the
burette and the other by the survey carriage. The buretic reading,

7 means of the hairline sight and vernier, could be teken ag
quickly or as often es necessary without affecting stream conditions;
whereas,becausc of the formation of capillary and standing waves, the
surface probe reading was good only at the instant the probe touched
the water. This effect was not serious abt local supersonic specds asg
the standing waves were then ungble to move upstrcem from the point
of water contact. When the disturbance was removed by breaking
contact with the water swrface, original strezm conditions were
restored in about 10 seconds, &t which Hime another reading could
be made.

The micrometer unit movable along & single fixed rail measured
the depth at the upstream positions and the deoptlhis «t the first
pressure orifice on the channel center line. From continuity
considerations, the total head

CL -O.

a_ = 2 (14)

(L \Dl

where b is the breadth of the chamnel and subscript 1 refers to
the gtation at the firgt orifice on the center line. The stream
depth {, was measured sufficiently fear ahead in the test section
to be unaffected by the presence of the model. The total head,
however, could be measured directly by the upstream micrometer in
the vicinity of the boundary wall at the upstream end (fig. 3). The
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upstream micrometer was calibrated against the test-section survey
robe before each run. All depths were measured from the level
floor of the channel. The net accuracy of all rcadings was within
*0.002 inches.

Orifice pressures were used to obtain the water depth on the
surface of the modcls and abt the test-section side walls. This
type of measuvrement is nocessery inasmuch as the capillary rise
of weter on all bodies that break the water surface Tnvalidates the
use of the survey probe. The probe is of great value however, in
obtaining surverye abt points where the influence of cupillavity is
negligible, which in most cases ig about :L/f‘»'r inech from an exposod
surface. Extreme cere had to be teken in all pressure measurements
to hold capillary rise constant in the buretite, as very slight
concentrations of dirt on the glass would chenge the meniscus shape.
Tho burette was, therefore, cleaned at regular intervels with
chromic acid, and & 10 percent solution of serogol was placed on
the meniscus to reduce surface tension and caplllarivy. This
procedvre encbled consistent readinge within the desired accuracy.

The shadowgraph still photographe werce obbained by a 5- by 7-inch
viow camere. The test setup and schematic diagram are chown in
figures 6 and 7(e). In the initial trials it wes found that the
mogt convenient light source, with existing collimetor lenses, was
z Stroboluvx-Strobotac unit; and b; adjusting the #lesh i'requency,
various light intensities could be obtained. The refraction
patterns formed by a vortex, hydraulic jump, end capillary wave
ere shown in figures 7(d) to T7(d), and from those patternms or
conbinations, a gqualitative enslysis of shadowgraphz may be made.

In order to redvce excescive pattern refracticn,the ground-glass
gercen was placed as close o the weter swrface as possible. Motlon
pictures of weke frequoncies end alternate tralling vortices were
obtained by the samc methods with no greet difficulty.

RESULTES

In order to ascertain the nature and the applicability to air
flow of deta obtained in the water channel, tests wore mede with flow
through nozzles and ebout circuler cylinders. Thesc tests were run
v various depths and Mach numbers end with models of various sizca
in the chanmnel. The results are {iret prescnboed without discussion.

Plote of the water depths and water-depth retics along the center
line of convergent-divergent nozzles as meacured by the test-section
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mlcromete*' unit arc shown in figures 8 to 10. The shapes of these
ozzles are shown in figures 4{a), 4(b), and 4(c), respectively.

Th?; curves labeled ﬂeyno’ ds flow are computed from one-dimensional

theory; that is, the velocities at all points In a cross section

ere asgumed the same in magnitude and parallel to the center line

of the channel. The depth at any point 1s ccmputed from the

equation of continuity

V X Area = Constan (15)
where
Area = Breadth of the chennel X V/ate: depth

The water-depth ratios are seen to increase with the increase in
devth in figwe 8. The nozzle in figure 10 was modiified to have
e very gradual approach gection and the water-denth retios for
this nozzle ere the seme at any depth.

The veriation with total head of the water denths and water-depth
ratios gbout a clrcular cylinder as measured by means of the
pressurs crifices and burettes is shown in ii”’UI‘f” 11l. 1In this
case ths depth ratios decrease with Increase in vyater depth. A
comperison between micrometer and burette measwrements is chown
for a 2-inch nozzle in figure 12, where it 1s ceen that the
micrometer readings are greater than the buretie readings and the
difference increases with depth.

Figures 12 and 1l& show the variation with water depth of the

L

= = : LN o g A
shadowgrachs of the iflow about a cﬂ"lnc}l diamete: circular cylinder

at Mach numbere of 0.40 and 0.60, respectively. The corresponding
variation of pressure at © = 90° is also shown. Additional.

shadowgrarhs of the flow about circular cylincders of various sizes
and with various water depths are shown in figuvres 15 to 19. The

’ : . 1
pressure distributions ebout the 'r_,—- nch cireular cylinder in the
water chamnel with a static depth of *ﬁ- inch are compared for various

Mach numbers in figure 20 with the pressure distributions about

a %-inch circular cylinder in ailr. The data for the circular cylinder
in alr were aveilable from tests made in the Lanzley rectangular
high-specd tunnel.

With verious sizes of circuler cylinders in the test section the
veriation of the local Mach numbers along the chamnel wall for different
stream Mach numbers is chown In figures 21 to 2; and the corresponding
stream depths d, and total heads d, are given In figure 25.
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DIECUSSION

Various factors inflvence the results obtained in the water
channel and the effect of these factors must be asgcertained
before the channel can be used for the investigation of the
anelogous gas Ilows.

From an examination of figures 15 to 19 it is seen that
concentric waves appear in front of the model. The fact that
these waves do not appear in the schlieren photographs (fig. 06)
of alr flow teken at the Langley rectangular high-speed tunnel suggests
that these wsves are not part of the analogy.

A distuwrbance at some point in & liguid generally will give
rige to two types of weves: short surface-tension waves called
capillary waves and considerebly longer graviby waves (reference
5 and pp. 353-402 of reference 6). The expression for the

velocity of propagation of water waves is

s e oy
= & T 2na

U= [ + 222 taph == i (16)
(\ex * o |

againgt N for water depths of 0.5 inch
and 2.0 incheg. This figure shows that waves cannot exist with a
velocity of propagation less than approximately 0.75 foot per second.
Disturbances of wave length less than that corresponding to the
minimum wave velocity are termed capillery waves since they depend
primarily on the swrface tension of the fluid. Propagation veloclities
greater than this minimum velocity correspond to shorter capillary
waves and longer gravity waves.

Figure 27 is a plot of U

If 0 =0 and 4 <<\, cquation {16) becomes
U = \fgd (17)

and this velocity - the velocity of propagation of long gravity waves
is ths basic surface wave velocity. The other waves defined by
equation (16) are purely water surface waves and are nob congidered
in the hydraulic anelogy. Figure &7 shows that changes in the

water depth have ‘little effect on the velocity of propagation of
waves for wave lengths less than 0.1 foot.

The wave lengths of some of the standing waves appearing in
front of the models in figures 15 to 19 were measured Irom the
photographs and were plotted in the inset of figure 27 against
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the local velocity (equal, for standing waves, to the velocity of
propacation) at the point where the weve occurred. This plot
showedl. that these waves were capillary waves. The check mearks

on the inget show the number of readings thay fall on the

plotted points. These capillary waves, although they have no

rart in the hydraulic analogy, have two adverse effects on the
applicetion of the analogy: namely, complication of the flow
photogranphs and decrease in the accuracy of the depth measvrements
teken with the test-section probe.

The results obtained in the water channel depend to a large
extent on the depth ait whiclh the tests are run. The effect of
depth on the formation of standing cepillary waves is shown in
Tigure 28. If hiph stream Mach numbers without capillery waves
in the suream are to be obtailned, a shallow depth is prescribed.

The effect of depth on the flow patterns and pressure
coefficients about cirewlar cylinders is very pronounced {figs. 13
end 14). The mressure coefficilent rises to & maximum value
et dgg = 0.9 inch. The decrease in presspre coeificient
at lower depths is belicved to be due to the offect of bottom
boundery layer; the decrease at higher depths is due to the effect
of the vertical accelcrations. Comparison of figures 13 and 1b
with Figure 26 indicates thet the water flow most nearly corresponds
to air flow at depths that aroc between C.T75 inch and 1.0 inch,

The water is accelerated from the total hecd where the fluid
velocity is zero to & value of zerc accecleration and maximum
velocity in the test section. The motion oi the waber through
this cycle 1s actuated by the force of gravity winich is thus the
important factor in the hydraulic enelogy. I an obstruction is
Placed in the path of 2o fluid at constant veloclty, local accelera-
tions of flow must take place in the tield cbout the cbstacle. If
these acccleratione are lavge, the verticel components, which have
no part in the analogy, are no longei negligible in comparison with
the acceleration oi' gravity; and a diestortion of the fliow results.
This distortion is such that in a region of deceloration such as
the region in which the flow is approaching stagnuetion, the depth
is less tham that regniccd in tho analogy; and the depth indicated
by the pressure in the static orificcs is greater than the true
depth. In a reglon of acceleration the cpposite offects occur.
Differentiation of equation (la) showe that the accelerction
(in steady ilow) is proporticnel to the grodient of the depth.

The slopc of the free surface is thereforec & measuro of the
accelerations.

If, for two cascs of the same stream Mach mutber the water

depth is increased, the slope of the free surface is likewise greecter as
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15

ghown in the following teble in which feor chosen values of M eand
is computed from equetion (12a):

d, the value of dg

‘ 0.926 | 1.000 | 0.700 | 0.700 0.300 10.78
926 | 1.100 LT70 .T00 .33C 11.29

The term (d, - dg) 1s an indication of the slove of the free
surface; the higher velue corresponds to a gteeper zlope and thus
to greater vertical accelerations. An illustration of the fore-
going statements is given by the results of the nozzle tests in
which; as the water depths decrease, the depth rabtios approach
those calculated by Reynolds flow (figs. 8 and 9); all tests were
made &t choking Mach number. Binnle and Hocker observed the same
effect (reference 2). If the slope of the free surface is smell
end if' the nozzle is so shaped that the acceleration in the entrance
can be kept sufficiently smell, no variation of water-depth ratios
occurs with changing depth (fig. 10). The same offect is shown in
figures 11 and 12 as measured by static orifices and burettes.

The effect of vertical accclerations on depth ratios determined
by mecns of static orifices is opposite to that obteined by the
probe. It may be agsumed therefore that this adverse effect would .
be negligible when the two methods of reading pressures coincide. The
roadings taken at the minimum scction of the 2-inch nozzle (fig. 12)
when the depth wae reduced to 1.3 inches coincided. If the free
surface slope had been more abrupt (emalleor modol or model having
a gharp pressure risc), a still shallower depth would have been
required to attain this condition; therefore large models and small
depths should be cmployed. The minimum depth is limited, however,
by the effects of the boundery layor on the floor of the chamnel.

The development of the boundary layer produces a velociuvy gradient
along the chamnel similar to the gradient in & wind tumnel. This
effect cen be compensated in the seme way by diverging the walls or
in the case of the water chamnel by sloping the floor downwerd in the
direction of flow. An effect for which compensation does not appear
feasible is the thickening and thinning of the boundary leyer in
regions of decelerating and accelerating flow &bout a model, behavior
which causes a distortion of the velocity distribution such ss would
corregpond qualitatively to a thinning of the model. These boundary
layer effects arc particularly serious in the water channel because
of the appreciable boundary layer Adisplacement thickness (found to
be of the order of 0.1 in.) in comparison with tho total depth of
the fluid. The boundary leyer cffccts could obviously be minimized
by increaeing the water depths, both bocause of the increased ratio
of total dopth to boundary layer displacement thickness and
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because of the increaged Reynolds numbers corresponding to the
highor velocities with given Mach numbers. This requirement is,
unfortunately, inconsistent with the minimizing of the effects
of the cepillary waves and of the vertical accelerations.

The anelogy is further limited by the fact that it applies for
a hypotheticel gas having a velue of 7 = 2,03 the effect of this
limitation has not been completely determined. The effects shown
in figures 1 and 2 are not very large, however, and can be taken
into account in the interpretation of deta teken in the water
channel. Other investigations suggest that the influence of the
velue of 7 in subsonic compressible flow is not great. Kaplan
in reference T thus found that to the third approximation the
effect of the valve of ¥ 1in the compressible flow up to the
critical speed wag nezlieible and von Karméin, reference 8, obtained
a widely used expression for change of pressuvre coefficient with
Mach number by using the assumption 7 = -1. For supersonic flow,
the characteristics curves are considerebly influenced by the value
of 7. Tho ratic of maximum velocity to the velocity of sound is
greater with 7 = 1.4 than with 7 = 2.0, and for a given change in
flow angle, the velocity chenge, as determined by the characteristics
method, is also gresatoer.

The Reynolds numbers in the water chamnel arc calculated for
complete submersion end are very low; the maximm value of R for

. 1 i : o
the CE—inch—d;amcter cylinder with a static weber depth of 0.75 inch

is 15,000. The comperison of the water-chamnel and wind-tunnel data
(fige. 15 to 19 and 26) showed that, although the cylinder tests
were made at considerably higher Reynolds numbers in air than in
water, the same type of flow occurred in both cases; the main
congideration 1s agreement of the flow patterns rather than
identical Reynolds numbers.

In a wind tunnel, a choking or maximum streem Mach mumber occurs
when local Mach numbers of 1.00 extend across the section between
the model and tunnel walls. A similar effect was nobted in the
woter channel. Figure 25 shows that the stream depth decreases and
the total head increases with Mach number up to a maximm value
that depends on the size of the model tested. AL this choking
condition, both the stream depth and the totel hcad increese with
an additional power input. Figure 29 shows the maximum Mach number
for various ratios of cylinder diameter to chamnel width., Variation
of the data from the theoreticel curves might be expected inasmuch
as the theooretical values wore computed by one-dimensional theory
(Reynolds flow); whereas, the actuval flow is two-dimensional.
Meximum Mach mumbers that occur in wind tunnels, however, agrce much
more closely with the one-dimemsional thoory than do those shown
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in figure 29 (see reference 9), and it therciore seems likely that

the divergence is due to other fectors, such as boundary-layer eifects
and vertical accelerations, rather than to the vwo~dimensional uneture
of the flow.

The disturbance along the chamnel wall with various size
cylinders in the test section is shown in figures 21 to 24. The
wall disturbance is en indication of the severiity at high Mach
mmbers of channel-wall or wind-tumnel-well interference. As the
stream Mach number approaches 1.00, the wall disturbance increases
until at the choking condition the interference becomes large even
for the smellest cylinder. For the 12-—1nch—diameter cylinder

(fig. 22), the point of sonic velocity at the wall ig located
epproximetely 3 dismeters behind the cylinder. This result is in
agreement with the flow photographe (figs. 15 and 17), which show
a gull-wing-sheped shock sbarting from the region behind the
cylinder and extending downstream towerd the wells. Figure 30
shows the lines of constent Mach number in the flow field about

a 6-inch~diemeter cylinder &t choking Mach nwsber and shows clearly
the supersonic flow occurring behind the cylindel.

A comparison of the shadowgrepns (figs. 15 to 19) with schlieren
photographs of flow about circular cylinders in air (fig. 26) shows
that the two flows are very similar. The type of flow is
the same in the two cases ond is the type that is characteristic
of Reynolds numbers somewhat below the crivical velue. At Reynolds
mmbers between 50 and 35C,000, an unsteble condition is set up
behind a circular cylinder in which vortices are shed alternately
from each side. ILeminar separation occirs ab a point approximately
80° from the forwerd stagnation point and a vortex sheet is formed
which extends downstream and finally rolls up into a large vortex.
The vortices so shed arrange themselves into & Kérmén street. (See
reference. 6, pp. 217-218.) Figures 16(e), 18(e), 19(b), end 26(a)
show this type of flow, which is the seame in the water chamnel as
in the eir ilow. Because of the occurrence of scparation, the actual
pressure distribution is different from that calculated by potent.al-
flow theory. The actual pressures over the forward part of the
cylinder are higher and those over the rear are lower then those
calculated by theory. The negative pressure peek is greatly redvced.
Figure 20 shows the pressure distributions ebout circular cylinders
in air end in the water channel. The quantitative results obtained
in the water channel ere very close to those obltaimed in air
{figs. 20(a) to 20(c)). <This close agueement is bhelieved, however, to
be largely fortuitous, resulting from en interaction between the bottom
boundary layer effects and the rather large chexnel-wall interference
in the water chemmel. At the choking Mach mumber M = 0.71 1in the
water chamnel (see fig. 20(d)) the interference effects exceed the




relieving effects of the thinning of the boundary layer and the
negative pressure cocflficients near 9 = 90° exceed those obteined
in the wind tunnel.

Bocause of the unsteady nature of the flow, instantaneovs
velocities greater than those indicated by the _ressure distributions
occur near the surface of a cylinder. The critical speed may
therefore be expected to be lower than indicated by the pressure
distributions, an effect that has been observed in air. Figure 2
ghows that with a given pesk negative pressure coeificient, the
\

]
18 NACA TN Fo. 1185
|
|
|

critical Mach number should be somewhat lower in the water chammel
(y = 2.0) than in air (7 = 1.4).

Another effect of the unsteady flow is the asyrmetrical
devclopment of shock. When the flow closes in on one side of the
cylinder, the induced velocities increase and may exceed a Mach
number of 1.00. A shock wave may thus form on one side while none
exists on the other, or a more intense shock mey exist on one side
than on the other. Such asymmetricel chock watterns are shown in
figures 16(b) to 16(a), 17(b), 18(b) to 18(a), ana 26(b) to 26(a).
Ixactly the same phenomenon occurs in the water channel as 1n the
air flow. In scme cases, The shedding of these waves alternately
from each side of a cylinder has been observed in the water channel
when tho stream Mach number was only a little above the critical value.
Such behavior is to be expected if on one side of the cylinder the
velocitics first exceed and then fall below the sieed of sound as
the flow closes in and then breaks away from the surface. With
increase in Mach number, a strong disturbance originates at the
edge of the weke approximetely 1 diameter behind the cylinder and
extends into the fileld of flow (figs. 15(d), 18(a), and 26(d)). This
disturbance oscillates with the wake, which is still unstable, and
in its incipient stages alternastes from one sidg of the model to the
other. At still higher speed, the flow closes in behind the cylinder
go that the cylinder hes the appearance of & sireamline body with a
strong gull-wing-shaped disturbance at its trailing edge (figs. l5(e),
15(£), 16(f), 17(f), 18(£), 19(r), 26(e), and 2¢(£)). Thesd
features appear to be essentially the same in the water channel as
in the air flow.

EQUIPMENT AND FUTURE DEVELOPMENT

Measurement of depth at the surface of models and at fluid
boundaries are best made with pressure orifices and burettes
because of the capillary rise, whereas the micrometer method is
suited for measurement of field depths; both methods agree very
well provided the vertical accolerations are small. The burette




convenient means of investigabing high-spoed two-dimensional air
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method is best for obtaining average pressures in unsteble flow. A

thod of photogrephy has been developed that ie simple and completely
satisfactory. The shadowgraphs of the water flow are strikingly
similer to the schlieren photographs of air flow.

The velue of the water channel lieg mainly in the low cost
and convenience of operation., Field surveys ave simply made, and
various rfeatures of the flow such as turbulence, vortices, separation,
and shock formation are casily observed and photographed. Stresmlines
about a model are cesily obtained by inserting streamers of dye in
the water shead of the model.

A larger chamnel especially designed to minimize boundary layer
effects and to secure uniform flow in the test section ig desirable.
The chaennel should be large cnough to permit tosts ab Reynolds
numbers above the critical velue. A larger channel would also
be advantegeous in reducing the adverse effects of the bounce:cy
layer or vertical accelerations, or both.

Additional investigations, both theoretical &rd experimental,
ere necded in order to determine the corrections necessary to
convert quentities obtainced from the water flow to the values
characteristic of the air flow a&bout corresponding bodies.

CONCLUSIONS

An experimental appareatus snd technique have beon developed
for the investigation of the anelogy betwoon water flow with a
froe swrface end two-dimensional compressible gas flow (hydraulic
enalogy); a preliminary investigation has been made and the resuls
of an application of the analogy have been prescnted. The following
conclusions are indicated firam this work:

1. The hydranlic anslogy provides o very inexpensive and

flow. Tho flow may be observed and photographed, and surface and

field measurements may be easily obtained. Reagonably satisfactory

agreement was found between the water flow and air flow ebout

corresponding bodies, although considcerable work in both theory

a.nd. experiment is needed in order to convert with quantvitative
accuracy Ifrom the water flow to the flow in air.




20 NACA TN No. 1165

2. With a larger channel, difficulties due to vertical
accelerations and subcritical Reynolds numbers might Pe overcome.
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Fig. 22 NACA TN No. 1185
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NACA TN No. 1185 Fig. 23
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Fig. 24 NACA TN No. 1185
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