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Wind tunnel experiments were conducted on dimensions of the turbulent
wake from an 8 inch disk model in thermally stratified flow. Results were
interpreted in terms of densimetric Froude number as the modeling criterion.
The substantial agreement with reported hydrodynamic experiments shows
the potential for using wind tunnels to study submarine wakes in stratified
flow. An additional modeling criterion for vertical density gradient based on
momentum flux may be important for momentumless wakes. Development of
experimental equipment needed to obtain uniform wind tunnel airstreams at
very low speeds with thermal stratification is described.
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I. Introduction

Ocean water will under certain conditions have stably stratified

density gradients in the vertical direction. These may be caused by vertical

temperature gradients or by variation in salinity. The turbulent wake down-

stream of a submarine will under stable conditions be markedly different

from that found with a neutral (zero) gradient. This may have important effects

on submarine operation and on the surrounding flow field.

Results of many experimental programs employing scale model

experiments are summarized in Reference 1. They show various features of

wake growth and subsequent collapse. Following the initial wake growth,

vertical wake thickness decreases and horizontal width increases. At greater

downstream distances, thickness remains substantially constant while width

continues to grow. These effects are caused by differences in fluid pressures

inside and outside of the wake. Turbulent mixing in the wake partially elimi-

nates the density gradient that exists in the surrounding undisturbed fluid.

An important aspect of scale model experimentation is the application

of the appropriate scaling laws or modeling criteria. They determine the

values that the test variables must have in a scale model experiment to

accurately reproduce in miniature the characteristics of the prototype. Sec-

.4 tion II of this report is addressed to this subject. Merritt's study (Reference

1) employs a form of Froude number which relates model test velocity, size,

and density gradient to those of the full scale counterpart. An additional

criterion is developed in Section II from consideration of fluid forces pro-

duced by the submarine propeller. This further restricts the relations of

model test variables. The experimental phase was not carried to the point of

introducing propulsive forces, thus the significance of the additional criterion

was not tested.
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The bulk of past experimental programs used water as the fluid

medium which is natural. One of the objectives of the present project is to

determine the feasibility of using air as the fluid medium. An airstream with

vertically varying temperature has a density gradient which can be used to

represent a density gradient in water. The Environmental Wind Tunnel at

Polytechnic has the capability of producing an airstream with controlled

temperature gradients. With some modifications and additions to the existing

wind tunnel, a successful series of experiments was conducted on the wake

produced by a disk in stratified and neutral flow. Most of the reported hydro-

dynamic studies were made in specially constructed facilities and with

relatively small models. A wind tunnel with its larger test section dimen-

J sions allows the use of larger models which are easier to construct and operate,

r especially if a propulsive unit is included. It does not have problems of

sealing model components from intrusion of water. Model accessibility for

adjustments and changes is better.

II. Experimental Problems and Modeling Criteria

Past theoretical and experimental investigations with stratified fluids

lave emphasized the more distant wake regions in which the details of submarine

configuration are of lesser importance. The results of those investigations are

difficult or impossible to apply to specific submarines. They are not related to

specific configurations or even body diameter or length. It will be shown in

the following paragraphs that the modeling criteria applicable to the distant

wake regions may not be sufficient for, nor even the same as those for regions

closer to the submarine body .nd propeller. This arises from the change in

relative importance of various types of fluid forces at different locations.

A. Presentation of Modeling Criteria

There are three types of fluid forces which are potentially important

in these applications. They are inertial, gravitational, and viscous. A

2



0

modeling criterion (or similarity criterion, or scale factor) represents the
1

ratio of two types of forces expressed in terms of various experimental vari-

ables. Three criteria will be presented and discussed in this section. Their

development will be given in later sections. In common with many types of

experimental investigations with scale models, the various criteria lead to

conflicting requirements for scale model test variables.

The well known Reynolds number results from the ratio of inertial to

viscous forces. It is given in terms of experimental variables as follows:

uDB

Reynolds number Re = P U

'V

where p is fluid mass density, u is dynamic viscosity, and v is kinematic

viscosity (=4/p). Submarine speed u is relative to the ambient undisturbed

fluid. It is also used as a reference speed in various formulations. D B is

linear reference dimension taken here as the diameter of the submarine body.

The ratio of inertial to gravitational forces yields some form of Froude

or Richardson number. Gravitational forces arise from variations in fluid

density. The following is a densimetric Froude number.

Densimetric Froude number

Fr u (2)

'( B\ a"\Fg DB( zV

where P/?z is fluid density gradient in the vertical direction with positive

z downward. g is acceleration due to gravity. Richardson number is the

reciprocal square of Fr.

Various features of wake growth and collapse and of internal gravity

waves are related to the Brunt-Vaisala time period P given as follows:

3
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P (3)

A wave length X for submarine speed u is given by the following

expre s sion.

X =uP

27u (4)

A non-dimensional wavelength can be formed by dividing X with a suitable

reference dimension which, for later use, will be taken as the initial wake

diameter D..

X up

2ru (5)

II

Equation 5 is also a form of densimetric Froude number Fi based on D. It

is related to Fr as follows:

Densimetric Froude number

uP
Fi = D--_ (6)D.

D
2rr - Fr (7)

j1

Where stratification is obtained by temperature gradient in a wind

tunnel, the following relations serve to relate (1/P)(aP/az) to temperature.

i ap 1 be(7a)-P z = - 'F -6z a

were e is potential temperature. e is usually replaced with absolute tempera-

ture T. The following equation relates the gradients.

4
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,, : + 7 (7b)

is the adiabatic gradient which has a value of -. 00541 OF/ft. This is

negligible compared with aT/az values obtained in wind tunnel experiments

and may be neglected. Note that herein z is taken positive downward, contrary

to meteorological usage.

Another modeling criterion expresses the ratio of two forms of inertia

forces caused by differing fluid density. It will first be given by the following

momentum flux ratio.
J p(z) u(z)2

uZ 
(8)

P u2

u(z) is velocity at a given location which is affected by propeller blade forces.

(z) is fluid density at the same location. P is reference density at the eleva-

tion of propeller and body axis (z=0). It will later be shown that for the

momentumless condition, the velocity ratio u(z)/u is the same in model and proto-

type at geometrically similar locations. Thus there remains the density ratio

P(z)/p as a density criterion to be applied at geometrically similar locations.

Also shown later is the alternate form of density criterion given in terms of

density gradient.

D B ( cP\l
Density gradient factor - -5-(z (9)

Comparison of Equations 2 and 9 shows that another form of Froude number

may be used as a velocity criterion as follows.

Velocity Froude number

Fr'3 (10)

(g DB)

Any two of Equations 2, 9, and 10 will simultaneously satisfy the criteria for

gravitational forces and those due to momentum flux.

a 5
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Results of theoretical and experimental investigations summarized

later show that various characteristics of wake collapse beyond a certain dis-

tance are dependent primarily on densimetric Froude number Fi (Equation 6).

These characteristics are, however, related to an initial wake diameter D i

and virtual origin of streamwise location x (see Figure 1 ). There is
a gap in the knowledge on the relation of D. and virtual origin location to

1

submarine size and configuration as well as velocity and other operating

variables significant to initial wake characteristics. Here the effects of

Reynolds number (Equation 1) and the density gradient factor (Equation 9) may

be important. Froude number appears to be of lesser importance if not

negligible. The relative importance of various criteria changes with distance

in this complex transition region. It is important to determine how and to

what degree the experimental characteristics for submarines in unstratified

flow may be applied to the determination of wake characteristics in stratified

flow.

B. Problems of Reynolds Number Modeling

The difficulty, if not impossibility, of satisfying Reynolds number

simultaneously with the gravitational and density gradient criteria becomes

evident when comparing the requirements of Equations 1, 2, 9, and 10. Fortu-

nately, this does not appear to be necessary. If the density gradient criterion

is neglected, Equations 9 and 10 are omitted. There is at least a theoretical

possibility of meeting the remaining criteria. The required density gradient,

(I/0)(WPfaz) for a scale model experiment would, however, reach absurd

value s.

If Reynolds number (Equation 1) is taken as the only criterion for pur-

poses of studying the immediate downstream wake region, modeling problems

are still difficult. To maintain prototype Reynolds number in scale model

experiments, the test speed u must be increased to compensate for the

6

.4~



smaller model dimensions. In addition, the difference in kinematic viscosity

of air and water must also be taken into account. The following example

shows the magnitude of test speeds needed for air at atmospheric conditions.

It is assumed that a compressed air type tunnel is not under consideration.

For equal Reynolds number, the following relations can be formed. The sub-

scripts "Im" and "p" refer to model and prototype, respectively.

um L Vrn= (11)
u L Vwte

p m wate r

0At 70 F and 29. 92 in. Hg pressure, the ratio of kinematic viscosities

V air/vwate r = 15. 52. Assuming a 6ft. long model is used to represent a

300ft. long submarine, the length ratio, Lp/L m = 50. The required velocity

ratio u m/u p is 776, an impossibly high value. It does not appear feasible to

reproduce prototype Reynolds number in model experiments, even when other

criteria are neglected.

It is well known in the aerodynamics of various shapes that it is not

always necessary to reproduce prototype Reynolds number to obtain useful

model data for aerodynamic characteristics. Of fundamental importance is

the extent of laminar and turbulent boundary layers over the body surfaces.

This affects surface friction drag and, indirectly, the wake characteristics.

These depend on Reynolds number but also on body configuration and surface

roughness. Propeller forces and induced velocity are largely independent of

Reynolds number. Where there is significant dependence of body drag (as

expressed by a drag coefficient) on Reynolds number, there are remedial

measures. Model configuration including surface roughness can be modified

to obtain high Reynolds number characteristics at low model Reynolds number.

Other methods of boundary layer control are available. When independence of

Reynolds number is achieved, various velocity components in the wake region

7



tend to be proportional to free stream velocity. This is a characteristic of

turbulent wakes.

C. Characteristics and Modeling Criteria for the Close and Near
Wake Regions

The close and near wakes are defined as those portions of the wake

originating at the body and extending downstream to the region where the

effects of gravitational forces first become significant. The distance covered

by the close and near wake is variable with densimetric Froude number Fi

(Equation 6). The motions are caused primarily by inertial forces arising

from body drag and propeller blade forces. As will be shown later, these

forces depend on local fluid density as well as velocity. A criterion is devel-

oped to account for fluid density variation.

The motions induced by inertial type forces occur immediately with

their occurrence. They account for close and near wake characteristics.

Motions due to gravitational forces require time for development of their

effects. While such forces exist in the close and near wake, their effects

become felt later.

The initial wake characteristics are developed in the close and near wake

regions where the configurations of the body and propeller have the greatest influ-

ence. The near wake is a transitional region where the details of propeller and body

induced motions become merged into a more general momentumless wake flow.

The following elementary analytical treatment serves to bring out some major

features of propeller induced speeds and provide the basis for the develop-

ment of the density criterion. Figure 1 shows the set up of the various com-

ponents of the flow field around and through the propeller. The speed

induced by propeller thrust will be obtained by the simple momentum theory.

The thrust T is assumed to be produced by an "actuator disk' at which the

pressure increment p occurs. This will first be developed for unstratified

8
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flow (P constant). The effect of body drag on the stream approaching the

v propeller is represented by speed u which is less than free stream speed

u . For turbulent boundary layer and wake, ua tends to be proportional to
aa

u. The effect of the pressure field caused by flow distortion of the body tends

to produce speed changes proportional to u and is viewed as incorporated in

u . Cross section "a" and "w" are sufficiently far upstream and downstream,~a

respectively, to be unaffected by the pressure field of the propeller. Their

cross sectional areas are those of the stream tube of fluid passing through the

propeller disk.

Propeller thrust T is found with the following equation which is the

difference in downstream and upstream momentum flux. Figure 2 shows

various characteristics.

2 2
T= pA u - pA u (12)

W W a a

The following relationships are obtained from the equation of continuity.

A u =A u =A ua a p p w w

=Ap(U + AU) =A (u + Au W ) (13)

Thrust T can be written in terms of disk area A as follows:
p

T = p A (U + LUp)AU w  (14)
p a p w

The following relationship can be found by application of Bernoulli's equation

to the upstream and downstream regions.

AU
AUp 2w (15)

Thus T can be expressed in terms of the induced speed Auw in the propeller

slipstream.

Au
TQ=0A(U a + -- )Au w  (16)

p a 2 w

The non-dimensional thrust coefficient Ct is defined in terms of the free stream

I9
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speed u as follows:

2
T=Ct EP A (17)p

C is related to Au as follows:
tw

Ct a(.~ (1 + u) w (18)
2 +Ta a

The speed ratio uwlu induced by the propeller is as follows:

U
Au ua  ua

u -u +  U (19)

The momenturniess condition will be introduced with a drag coefficient

CD for body drag D defined as follows:

2
D = C PB A (20)

D 2 B

where A is body frontal area 1=(rr/4)D 2] The mrnomentumless condition
B B 1

is given by equality of thrust and drag.

T = D (21)

Thrust coefficient Ct is related to drag coefficient CD as follows:

•A B

CAB (22)Ct = DATZZ

When substituted into Equation 19 the following is found for induced speed

ratio.

w-- + (a + CD (Z3)
u u u DD2

For turbulent flow, C D and u a/u tend to be constant. Thus the speed

induced by the propeller is proportional to free stream speed as is the speed

defect due to body drag.

The effect of fluid density variation will be found by consideration of

10
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the flow through a stream tube which encloses the element of area dA at the

p

propeller (see Figure 2). Thrust dT on this element produces induced wake

speed Auw(z) which may be dependent on elevation. The local thrust coef-

ficient Cte is defined by the following equation which is similar to Equation 17

for the entire propeller.

dT=C dA (24)
te 2 p

0 is now reference density on the longitudinal axis (z=O). The following equa-

tion for local thrust coefficient is similar to Equation 18.

2p(z)a(U
Ce 0 U 2 + ) U U (25)

The induced speed ratio in the element wake is given by the following equation

=W + / a+(u + (26)

u 'u\u- +CtP )

This equation is similar to Equation 19 for unstratified flow except for the

density ratio P/ P(z). It is not appropriate to introduce drag coefficient CD as

was done for the entire propeller since C te may vary over the propeller disk.

It will, however, be proportional to drag coefficient. For similarity of the

induced speed field, huw(z)/u must be the same in the model and prototype

at geometrically similar locations. This will be obtained if p(z)/P is the same

at geometrically similar locations. This requirement can be expressed in terms

of fluid density gradient ap/z as follows. For simplicity the gradient is

assumed to be constant by the following equation.

P(z) = z (27)

The following form gives the density ratio as it appears in the inverse ratio in

Equation 26.

P(z) 1 + 1 z (28)

11z

. . . . ., . , -. . .- . . . . . . . ..1- - _ .- - -, '



In order to emphasize the density ratio at geometrically similar locations,

Equation Z8 is written with elevation z non-dimensionalized with body diameter.

P (z/D B ) DB O (29P I + - ' z (29)
B

The density criterion is the factor in the second term on the right side of

Equation 29 which produces density similarity.

Density gradient factor DB ( (30)

The importance of the density gradient criterion remains to be estab-

lished. This will, obviously, require scale model experiments with propulsive

forces in stratified flow. Momentum effects due to propulsive forces are likely1to occur in a relatively short downstream distance in the close and perhaps the

near wake. In these regions the initial wake diameter D. is determined. ItI

depends on propulsive forces and submarine configurational features. In the

intermediate and far wake regions, propulsive forces may have an indirect

effect through the magnitude of Di which appears in the equations for these

regions.

D. Intermediate and Far Wakes

The major effects of gravitational forces occur in the intermediate and

far wake regions. Wake collapse occurs in the intermediate wake followed

with continued horizontal wake growth in the far region. These are shown

schematically in Figure 3.

Geometric properties of the intermediate and far wakes will be discussed

in terms of the summary curves of G. F. Merritt (Reference 1). An extensive

list of references is included. He bases these curves on various experimental

and theoretical inve-tigations. They show the importance of densimetric

Froude number (Equation 6) in the modeling of intermediate and far wake

regions. Figure 4 shows the wake width and height as a function of time after

12
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wake generation. It is a reproduction of Figure 14 of Merritt's paper.

Merritt's equations representing various portions of the curves are given below.

The wake widths and heights are non-dimensionalized with the initial wake

diameter D.. The time variable t is non-dimensionalized with the Brunt-1

Vaisala period P (Equation 3). Approximate values of t/P ranges for each

width or height equation are taken from Figure 4.

Horizontal and vertical width:

b./D i = 1. 3 Fi 1 / 4 (t /P)1/4

t/P < 0. 2 (31)

Horizontal width:

bh/Di = 2.0 Fi /4(t/p)-3/4

0. 2 < t/P < 1. 0 (3Z)

b ID.1 2.0 Fi 1/4
b .0F (tIP)

1.0 < t/P (33)

Vertical width:

b /D. = 0.9 Fi
m 1

0. 2 < t/P < 0.45 (34)

1/4 -3/4b v/D = 0.5 Fi (t/P)

0.45 <t/P < 1.0 (35)

bf/Di = 0.5 Fi I / 4

1. 0 < t/P (36)

In terms of the preceding wake descriptions, Equation 31 is in the near wake,

Equations 32, 34, and 35 are in the intermediate wake and Equations 33 and 36 in

the far wake.

The three-dimensional geometry is emphasized by rewriting the above

13



equations in terms of downwind distance x which is related to time t and

speed u as follows:

t = x/u (37)

t/P = x/uP

= (x/D.) (Di/uP) (38)

= Fi- 1 (x/Di) (39)

Equations 31 through 36 are as follows in terms of distance ratio x/D..1

b /D i = 1. 3 (x/Di) 1/4 (40)

bh/Di = 2.0 Fi-1/ 4 (x/D i ) 1/ 2  (41)

b c/D i = Z. 0 (x/Di) 4  (42)

b n/D i = 0.9 Fi 1 1 4  (43)

b v/D i = 0.5 Fi (x/Di)- 3 / 4  (44)

b f/Di = 0.5 Fi 1 / 4  (45)

Merritt's analysis of various data shows no consistent dependence of

wake diameter on Fi in the near wake. This is reflected in above Equation 40

which does not have a Fi dependent factor. Location of downstream range of

the near wake is, however, dependent on Fi since this is given at t/P = 0. 2.

It is given by the following equation

x/D. = Fi(t/P)

= 0.2 Fi (46)

With decreasing values of density gradient P/6z, Fi and, therefore, x/D.
1

increases indefinitely.

The above equations for wake geometry show a dependence on Fi in

various forms. For geometric simularity, Fi becomes the only modeling
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criterion. The above data give no information which would relate the initial

wake diameter D. to actual body diameter DB. Also unspecified is the loca-l1

tion of the origin of the coordinates, a virtual origin. These are dependent on

close and near wake characteristics.

I1. Description of the Environmental Wind Tunnel

The main features of the Environmental Wind Tunnel other than those

covered in later sections are described in the following paragraphs. Those

described later are modifications or developments made specifically for this

project.

The Environmental Wind Tunnel is located in the Preston R. Bassett

Aerospace Research Laboratory at the Long Island Center in Farmingdale,

New York. The wind tunnel (Figure 5) is of the open circuit type in which air

is drawn from the laboratory room into the contraction cone and exhausted

back to the room. Following the contraction cone or bell mouth (constructed

of wood) the air enters the rectangular test section which is 5 ft. wide and

4 ft. high. A vertical bank of electric heaters is located 3 ft. into the test

section. It is described in Section IV, A. It is the only apparatus perma-

nently fixed in the test section. The mean wind profile generator shown in

Figure 5 was not installed for this project since a constant velocity profile

was desired.

Test section length downstream of the heater section is approximately

Z ft. The floor and ceiling and the first 8 ft. of the walls including the part

upstream but excluding the heater section are made of 3/4 in. plywood. The

heater section is made of 3/8 in. aluminum plate. The remainder of the walls

- is formed of Pittsburgh Plate Glass thermopane glass panels (double glass).

The walls, ceiling, and the remaining downstream section are supported with

structural steel framework. The 9. 5 ft. long plywood transition section between the

test section and fan contains the access door. The photograph of Figure 6 shows
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various instruments located alongside the test section. Other views of the

test section are shown in Figures 26-Z9.

The American Standard model 940 centrifugal fan draws the air through

the various upstream sections. The General Electric Varidrive system powers

the fan with a multiple V belt drive. The system consists of a variable speed

D. C. motor and a solid state controller which converts the A. C. input to

variable D. C. Air speed is continuously variable from 0. 25 ft/sec to approxi-

mately 30 ft/sec, the maximum obtainable with only the heater section in place.

Speed regulation is excellent. Additional wind tunnel details are given in

Reference 2.

Vertical profiles of air speed on the test section vertical centerline are

J shown in Figure 7. They were taken 9. 9 ft. downstream of the heater section

without heat input from the airstream heaters. Air speed was measured with

Pitot-static tubes and the MKS Baratron pressure meter (see Section IV, D).

Except for the 1 inch level measurement in the floor boundary layer, the values

are generally within 3% of the average. This could be improved, but in view

of the more difficult problems with effect of stratified flow on air speed distri-

:, ibution, no effort was devoted in this direction. The seemingly inconsistent

1 variations in air speed profiles may have been caused by time variation in

laboratory room thermal conditions.

IV. Equipment Development and Experimental Characteristics

A. Airstream Heaters and Temperature Profiles

.4~ ,An important feature of the wind tunnel needed to meet the air density

gradient requirement for stratified flow is the control of airstream tempera-Iture gradient. A vertical bank of General Electric Calrod electric heaters

is located at the upstream end of the test section as shown in Figure 5. The

* "heaters are of the finned rod type which span the 5 ft. width of the airstream.

Electric current is supplied to the terminals at the ends of the heaters located
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outside of the test section walls. Four solid state West Instrument power

controllers with thermocouple airstream sensors automatically control heater

output to the four overlapping groups of heaters.

The heater system must supply controlled heat input such as to produce

a desired linear profile for lengthy time periods as needed for the many air

speed and temperature measurements of a test run. This period may be as

long as 2 or 3 hours. During this time, thermal conditions in the laboratory

may change due to variations in space heating and changes in wall and ceiling

temperatures caused by outside atmospheric conditions. Since the wind tun-

nel is of the open circuit type, temperature variations in the laboratory room

air are carried into the wind tunnel test section. The heaters must compensate

for these temperature variations in addition to producing the desired tempera-

ture profile.

The principle for heater circuit design is shown schematically in

Figure 8 where calculated heat profiles are shown. Each of four overlapping

groups of heaters produce triangle shaped heat input profiles. Temperature

profiles will be similar since the distribution of the mass flow of air is approxi-

mately uniform except near the floor and ceiling. Each group has its own

thermocouple sensor located at the peak of the triangle. The adjacent groups

=_.* have the edges of their heat triangles near the thermocouple and will, there-

fore, have little effect on them. Thus the thermocouple controls the group it

is connected to and has little interference from adjacent groups. The thermo-

couples are located 13 inches downstream of the heaters. With this arrange-

ment of overlapping groups, a linear profile of heat input can be obtained. A

calculated linear profile is shown in Figure 9. In operation, the power con-

trollers are set to produce temperatures at the thermocouples which are on a

linear profile. Non-linear profiles can also be produced but in linear seg-

ments between thermocouples. Discontinuities in the gradient of the heat
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input profile are smoothened out in the downstream temperature profiles due

to heat diffusion.

There are 54 heaters in the heater section. Forty-seven are in two

vertical staggered banks at 2 inch spacing in each bank to give 1 inch vertical

spacing of the combined banks. They cover the full height (48 in. ) of the test

section. There is an additional bank of 7 heaters at 2 in. spacing down from

the ceiling to give additional capacity where most needed for a stable tempera-

ture profile.

In order to obtain a triangular heat input profile, the individual heaters

must operate at differing voltages. To avoid having a large number of external

circuit elements such as resistors or transformers, the various heaters in a

group were connected in various combinations of series and parallel sub-circuits.

These are shown in Figures 10a and 10b. These were devised by a trial and

perror process. Heaters numbered 1 through 47 are in the two vertically stag-

gered banks with no. I at the bottom. Heaters numbered 48 through 54 are in

the additional upper bank with no. 48 at the top. For simplicity of analysis,

the calculation of electric input was based on heater resistance of 1 ohm and

input voltage of 1 volt. The graphs of Figures 8 and 9 show values termed

"unit watts" which are later scaled up for actual input values. In operation,

the power controllers supply electric power at any value up to their capacity as

determined by the thermocouple sensors.

4Measured temperature profiles for individual and combined heater

groups in operation are shown in Figure 11. These were made to demonstrate

heater operation early in the experimental program before better operating

techniques were developed. Figure IZ shows profiles at three cross stream

locations which show :',ttle cross stream variations. These were obtained at

an air speed of 2. 5 ft/sec. At speeds below 1. 5 ft/sec uniformity of flow

deteriorates. This is due to vertical variation of pressure drop across the

heater section. To improve this condition, a flow equalizer plate was installed

upstream of the heater section. This is described in Section IV, C.
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B. Smoke Generator

v The introduction of smoke streamers in the test section aids in the

study of flow characteristics. While the test speeds used in these experiments

are low, they are not low enough to obtain pure laminar flow and smooth smoke

filaments which are characteristics of specially designed smoke tunnels.

Smoke streamers produced in the Environmental Wind Tunnel tend to break up

into puffs especially with dense smoke for which gravitational forces are sig-

nificant. The streamers do, however, maintain sufficient identity to show flow

patterns. Observation of the relative motion of puffs gives an indication of

relative speeds of various sections of the airstream. For air speeds below

5 ft/sec, the motion of smoke puffs was used to calibrate the air speed instru-

ments. Time of passage of a puff was observed over a measured distance

P within the 16 ft. length of the glazed test section wall.

Smoke was injected into the wake of the disk model described in Section V.

The smoke generator built for this project is shown in Figures 13 and 14.

Fog oil (Mole-Richardson Type 1964 Fog Juice) is fed into the vaporizer section

from an elevated tank. An electric heating coil vaporizes the oil. As the vapor

issues from the orifice it condenses in the air passing through the generator to
form a dense white smoke composed of small oil droplets. Air comes from a

compressed air supply. Smoke is produced continuously as long as needed.

C. Low Speed Characteristics and Development of Flow Equalizer Plates

Up to this point in project activities, various temperature and air

speed measurements with heaters on were made at air speeds of 2. 5 ft/sec.

and higher. Various equipment problems had been solved for these speeds.

It was evident that uniformity of air flow in the test section deteriorated as air
speed was lowered. Measurements of air speed and temperature became

irregular. Air speed measurements with a Pitot-static tube were difficult to

obtain due to wide fluctuations in readings (see Section IV, D). Following
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preliminary wake experiments, the size of disk needed for final experiments

Y ;was tentatively determined. For this size the air speeds must be below

2 ft/sec. , preferably 1 ft/sec. , for significant features of wake collapse to

occur within the length of the available test section. The final wake experi-

ments (Section V) were conducted at 1.25 ft/sec.

Owing to the difficulties in obtaining low air speed measurements, it

was descided to construct the smoke generator described in Se!-.L±on Lv, B so

that visualization of air flow could be obtained. With smoke streamers it

t ~was found that below 1.5 ft/sec. (with heat input) air speed variation was

highly irregular. There was a stagnant region near the central region of the

test section starting several feet downstream of the heaters. There was a

slow downstream movement below the stagnant region and higher speed

downstream movement above the stagnant region. Additional smoke streamers

close to the heaters showed a marked upward component of motion in the

upper region. Further exploration with smoke streamers at the heater section

showed a reversal of flow in the upper several inches adjacent to the ceiling.

Smoke flowed upstream through the heaters and followed the ceiling of the

contraction cone out into the room.

It was expected that there would be vertical variation in pressure drop

across the heater section due to the vertically variable temperature difference

across the heaters, but the magnitude of this effect on airspeed profile was

not realized. Elementary calculations on this effect showed qualitative

agreement with smoke flow observations. Pressure taps were installed on

one wall of the test section upstream and downstream of the heaters. Results

of pressure drop measurements with and without heat are given in Figure 15.

Differences between heat on and heat off values are shown on the left side.

of the figure. Similar pressure difference profiles were obtained for speeds

of 1.0, 1. 5, and 2.0 ft/sec. The markedly different result for 3.0 ft/sec.
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was rechecked but not explained. Since the speeds of interest were lower,

T the reason for this deviation was not pursued.

It was evident that some form of additional pressure drop was needed

to eliminate pressure reversal. A vertically variable pressure drop to match

that produced by heaters would be ideal,but this required complex equipment

beyond the scope of this project. It was decided to use a uniform pressure

drop which at 1.5 ft/sec. would produce values comparable with those of the

heaters at 3. 0 ft/sec. shown on Figure 15. The needed pressure drop was

higher than that obtained from commercially available screens. The needed

value was obtained with a perforated plate. It was made of aluminum sheet

drilled with 0. 5 in. dia. holes in a uniform pattern which gave a solidity

(sheet area remaining) of 70%. This gave a pressure drop coefficient of 15.

The plate was located shortly upstream of the heater section.

Pressure drop data obtained with and without the equalizer plates are

shown in Figure 16 for a speed of 1. 5 ft/sec. Visual observation of smoke

streamers showed that, with heat on, air speed was higher in the upper part

of the test section. Measurements with a Pitot-static tube were of limited

accuracy but confirmed the trend observed with the smoke streamers. The

propeller anemometer used in the later experiments had not been developed at

this stage. A vertically non-uniform pressure drop was needed. To this end,

horizontal lines of the equalizer plate holes were blocked out in the upper

portion. This trial and error process produced a uniform air speed profile

for a given speed setting. For another speed, the blockage pattern was dif-

ferent. Testing at a series of speeds was, therefore, quite time consuming.

There is the need for a flow equalizer plate with vertically variable solidity

which can readily be adjusted.
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D. Air Speed Measurements with Pitot-static Tubes and Contraction
Cone Orifices

Prior to this project, air speeds in the test section were generally

measured with Pitot-static tubes. The test speeds were well above those

needed for this project. Speeds below 3 ft/sec. needed for this project are

often considered too low for Pitot-static tubes due to the very low pressure

difference obtained and possible Reynolds number effects which could change

the calibration. There was available a MKS Baratron Type 77 pressure meter

which, on the most sensitive range, could indicate the pressure difference

produced by the Pitot-static tube. At 1. 5 ft/sec. this difference (dynamic

pressure) is 0.002,57 lbs/sq. ft. and 0. 001,14 lbs/sp. ft. at 1 ft/sec. Pitot-t static tube calibration was checked by measurement of test section air

speed with time of travel of smoke puffs over a measured distance.

To obtain true air speed from Pitot-static tube readings and from con-

traction cone pressures described below, it is necessary to have the air

density. This could be obtained from readings of barometric pressure, tem-

perature, and humidity. The wind tunnel elevation is close to sea level. The

assumption of standard sea level air density as used in all calculations does

not lead to errors beyond the accuracty of other measurements.

There is some spatial variation in test section air speed (Figure 7).

To avoid the averaging of a number of reading as was done for Figure 7, it

was decided to base the reference speed on the pressure difference obtained1between the beginning and end of the contraction cone. This is a common

procedure in subsonic wind tunnels. The pressure difference is a little less

than that obtained with a Pitot-static tube but it appeared adequate with the

use of the Baratron pressure instrument. Orifices were installed in the

contraction cone.

The Pitot-static tube used in the first calibration experiments had a
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diameter of 1/8 in., a standard size for the various aerodynamic laboratories

at Polytechnic. At air speeds of 1. 5 ft/sec. and lower, the Baratron indicator

showed large amplitude fluctuations with periods of a second or more which

increased with decreasing speed. On a strip chart recorder at 1 ft/sec. air

speed the amplitudes were as high as 5 times the mean value of the reading,

extending well into the negative range. Observation of smoke streamers showed

no evidence of speed fluctuations at the Pitot-static tube. An additional prob-

lem was the zero drift of the instrument.

It seemed that the cause for the fluctuations was occurring between the

Pitot-static tube and the pressure measuring unit of the Baratron. The small

orifices of the 1/8 in. Pitot-static tube would restrict any flow out of the tubing

which might be caused by change in air volume due to temperature variations.

A 1/4 in. dia. Pitot-static tube was tried, then one of 1/2 in. dia. These had

larger orifices. The 1/8 in. dia. plastic tubing was replaced with 1/4 in. dia.

The plastic tubing was then replaced with 1/4 in. copper tubing. Each of the

changes resulted in some reduction in amplitude of fluctuations, but it was

far from satisfactory. Pressure readings of the orifices in the contraction

cone showed similar fluctuations, but a little lower in magnitude.

On the basis that the fluctuations were due to changes of air volume in

the lines, it was decided to insert constant temperature air chambers in the

* lines. Constructed of brass, each chamber had a volume of 71 cu. in. (1. 16

liters) which is many times the air volume in the lines. They were place in

a water bath at room temperature. The chambers reduced the fluctuations to

1/4 or less of the original magnitude. This was acceptable. The water bath

container is seen at the lower left of the photograph in Figure 6.

With the reduction in short period fluctuation there emerged quite

regular longer period (several minutes) fluctuations. These were sufficiently

large that the strip chart record had to be averaged over a period of time.
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These fluctuations seem to be a characteristic of the instrument when used on

its most sensitive range.

These longer period fluctuations together with zero drift required a

chart record of 15 to 20 minutes to obtain a good average reading. This was

satisfactory for measuring and monitoring the contraction cone pressure dif-

ference while obtaining point by point measurements in the test section. Pre-

liminary wakes experiments showed it was too time consuming for point by

point air speed measurements with a Pitot-static tube. For this reason, the

propeller anemometer described in Section IV, F was developed.

E. Survey Carriage

The preliminary temperature profile measurements were made with

the available vertical array of thermocouples mounted on streamline tubing at

fixed locations. This proved unsatisfactory for the later more extensive pro-

file measurements of air speed and temperature. Remote control and flexibility

of probe position was needed to reduce experimental time and to avoid disturbing

the airstream each time a probe position was changed. The first version of the

survey carriage provided remotely controlled vertical position of a thermo-

couple and Pitot-static tube simultaneously. The carriage base rested on the

t test section floor and padded screws pressed against the ceiling. The first

version consisted of those parts excluding the horizontal traversing section

.4 shown in the photograph of Figure 17.

With the preparations for the disk wake experiments, the horizontal

section was added to provide remote control of horizontal and vertical positions.

Two variable speed D.C. motors drive the horizontal and vertical lead screws.

A solid state controller provides the variable D. C. input for the motors.

F. Propeller Anemometer

Propeller (or vane) anemometers used in meteorological field experi-

ments have low threshold air speeds. Their size is much too large for wake
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measurements where the ideal is the air speed at a point. While low speed

instruments with small probes are commercially available, they are costly

and have electronic circuitry which can have operational problems of the type

encountered with the Baratron pressure instrument. Propeller type anemo-

meters are used in heating and ventilating studies but they are also quite large.

It was decided to try the construction of a small version of the meterological

propeller anemometer. It would be a simpler instrument with little mainte-

nance. As the diameter is reduced, threshold speed tends to increase due to

change in relative magnitude of aerodynamic torque and bearing friction.

While there was no guide on the allowable diameter to obtain good wake speed

measurements, it was thought that a 1 in. diameter would be adequate. It

was designed to obtain wake -.dLdings at distance intervals not larger than 2 in.

Various materials for blade construction and types of bearings were tried.

The final version is shown in the photograph of Figure 18. It has 6 blades and

a diameter of 1.63 in. The blades were individually carved from solid balsa

wood to a thickness of approximately 1/32 in. The blades were glued to a

shaft which is supported in 0.014 in. dia. jewel bearings.

Since the aerodynamic torque is very low, it could not be used to drive

any kind of generator. For these experiments, rotational speed of the pro-

peller was obtained with visual observations. The number of revolutions were

counted for a 30 sec. period. The calibration curves are shown in Figure 19.

The final version shows a threshold air speed of 0.6 ft/sec. This is a little

lower than the lowest wake speeds shown in Figures 17, 18, and 19. These

k , data do not suggest that the 1.63 in. dia. anemometer is to large for these

experiments. The intermediate calibration was obtained before certain re-

finements were made. The light lubricating oil used in the intermediate ver-

sion was replaced with clock oil. Static balance of the anemometer was

improved. Surface smoothness of the blades was also improved. The
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calibration data taken before and after the final series of experiments (Figures

17, 18, and 19) showed little, if any, change in calibration. Included is a curve

for the anemometer axis yawed 200. This was obtained for the conditions of

the intermediate calibration.

Visual counting of anemometer revolutions was feasible within the speed

range shown in Figure 19. The rotational speed was too low for use of a

stroboscope. An improvement in measuring rotational speed would be the use

of a tachometer which indicates the interruptions of a light beam projected

through the plane of the blades. This would reduce the time for obtaining a

reading. Further experimentation with blade shape, number of blades, and

bearings would probably yield improved performance.

V. Disk Wake Experiments

The experiments on wake collapse were made with a perforated

disk of 8 in. dia. While the ultimate objective is the study of momentumless

wakes, this would at this stage introduce the complications of thrust production.

Some important characteristics of wake collapse in stratified flow can be

studied with a disk model as is shown with the data presented herein. Wake

mixing makes wake stratification less than in the surrounding region. This

produces cross-stream horizontal buoyancy forces which cause horizontal

spreading. To further increase wake mixing, rotation vanes were installed.

behind the disk. The disk is perforated with a number of holes to reduce drag

and turbulent oscillations in the wake. Disk and vanes are shown in Figure 20.

4 Wake dimensions are based on horizontal and vertical air speed pro-
WA

files taken on lines through model centerline. Profiles were measured with the

propeller anemometer at distances of 4 ft. and 8 ft. downstream of the disk.

Problems with holding temperature profiles made it difficult to obtain the

same profile over extended time periods needed for air speed and temperature

measurements. The problem was aggravated by the high indoor and outdoor
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temperatures. Two temperature profiles are shown in Figure 21. They were

obtained on different days. The breaks in the curves are ',,e to discontinuities

in the order of taking measurements and time interval between reading the

upper and lower portion of the curve. The lower portions of the curves tend

to a value 90 F which was close to the laboratory room temperature. Under

more favorable conditions, profiles of the form shown in Figure 12 would be

obtained. The linear portions of the curves have temperature gradients close

to 10 0F/ft. which was taken as the gradient representative of these experi-

ments. The free stream air speed was 1.25 ft/sec. Model temperature of

980 was used in calculating the parameters in the following paragraph.

6. ] Densimetric Froude number Fr'given by Equation 2 has a value of

2.47 for these experiments. Densimetric Froude number Fi as used in

Merritt's paper (Reference 1) given by Equation 7 has a value of 15. 5. Wake

diameter Di and body diameter D B are assumed equal. For the disk model

the wake starts at the outer edge of the disk. Fr and Fi differ by a factor of

27. The Brunt-Vaisala time period P (Equation 3) has a value of 8. 28 sec.

In spite of the finite diameter (1-5/8 in. ) of the propeller anemometer,

good air speed profile measurements were obtained. These are shown in

Figures 21, 22, and 23. For the purpose of direct comparison of various pro-

files in Figure 25, some of the measured profiles were adjusted by multiplying

the air speed defect in the wake by a constant as needed to make minimum

wake speed the same. The center of the wake as shown by the lowest air speed

location was displaced from the model centerline about 3 in. at the 8 ft. dis-
vliv

0tance, an angle less than 2° . The wake profiles are plotted to a common

centerline in Figure 25.

For purpose of comparison with data from other sources, Figure 14 of

Merritt's paper (Reference 1) is used. This is the same as Figure 4 of this

report. It is a composite of results given in various papers. Nearly all are
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based on experiments conducted in water. Merritt's non-dimensional Figure

14 is reworked into a dimensional form for the conditions of these experi-

ments and plotted in Figure 24. Numerical values were obtained from Equa-

tions 40 - 50 of this report which represent Merritt's figure. Figure 24

shows actual downwind distance and wake half widths. The neutral case is

taken from Merritt's Figure 2 (Reference 1). Merritt's wake widths from

Figure 24 are plotted in Figure 25 for the 4 and 8 ft. downstream distances.

It is difficult to define the wake widths obtained in these experiments

because of the asymptotic nature of the air speed profile, thus no experimental

half widths are shown. This depends on interpretation of the profiles. The

symbols show Merritt's values but they also serve to identify the experimental

profiles. In the case of horizontal width with stratified flow at x = 4 ft. the

wake half width (approx. 20 in.) is much larger than Merritt's values. There

is a marked change in slope which occurs at Merritt's half width (approx.

10 in.). For other profiles there is substantial agreement with Merritt's values.

Comparison of the vertical profiles-stratified flow at 4 and 8 ft. distances shows

no actual indication of wake collapse as predicted by Merritt's curve shown on

Figure 24. Wake height is approximately the same. It is, however, much less

than that for neutral flow. It is possible that the rotation vanes behind the disk

produced too much turbulence. This would oppose the collapsing action. The

plain perforated disk was observed with smoke in the wake but air speed profiles

were not measured. It seemed that more turbulence was needed, thus the

vanes were added. Another disk solidity might be better. Other means of
increasing wake turbulence such as oscillating the disk might be better.

%MIerritt used this technique in his experiments. It is evident that more experi-

le.' mentation is needed. Variables such as test speed and temperature gradient

should be vaired over a range of values. More downstream distances should

be included. Profiles should be taken at other than centerline location to
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define wake cross sectional shape. Unfortunately, the experimental phase of

the project was terminated at this point. These experiments are really pre-

liminary in character. Numerous experimental problems discussed in other

sections of this report had been solved in preparation for the wake experiments.

The photographs of Figures 26 - 29 show the wakes with smoke intro-

duced immediately behind the disk. Smoke is conducted through the pipe

which supports the disk model. Unfortunately the smoke is not highly visible.

A dense smoke would tend to fall. The time of travel over the 8 ft. distance,

approximately that covered in the side view photographs Figure 26 and 27, is

over 6 sec. A dense smoke forms inverted mushroom type puffs which fall.

j The relatively short camera exposure time gives a near instantaneous view of

the fluctuating wake compared with the 30 sec. average obtained with air speed

data obtained with the propeller anemometer. However, 30 sec. is not needed

to obtain a good average. Perhaps several seconds would suffice. A camera

time exposure over that time period would give an average but such photo-

graphs lack definition of wake edge. A better procedure is the multiple expo-

sure technique where a number of instantaneous exposures are made on the

same film. The author used this technique quite successfully in field experi-

ments on smoke plumes at the Argonne National Laboratory. Wind tunnel

application of this technique requires special lighting. Such data would be
an excellent supplement to the velocity profile data. Another technique is the

us- of a detectable gas tracer in place of smoke. The gas concentration pro-

files which could be obtained with suitable instrumentation would help define

wake outline.

It is to be noted that Merritt's values are a composite of various

experiments from various sources including his own hydrodynamic experi-

ments. A survey of the various data sources might reveal some which show

better agreement with the results obtained in this project. The bulk of
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Merritt's data was obtained with hydrodynamic experiments. The substantial

agreement of the wind tunnel data obtained in this project shows that air is an

effective substitute for water in the study of wakes in stratified flow. It has

important experimental advantages pointed out in the introduction.

Some of the air speed profiles of the various profile figures show

some decrease of velocity with radial distance outside of the wake. Others

may also show this feature if the profiles were carried out far enough. The

flow near a blunt body usually shows an increase in air speed near its maxi-

mum width outside of the boundary layer. This effect may have persisted

some distance downstreamr of the disk model.

Comparison of air speed above and below the wake for vertical profiles

shows higher speeds above the wake. It was pointed out in Section IV, C that

a constant velocity profile could be obtained with adjustment of the blockage on

the orifice plates. Under the time limitations for completion of the wake

experiments this refinement could not be made.

VI. Discussion

The final wake experiments on a disk model, summarized in Figure

25, are limited in scope but s'how the feasibility of using a wind tunnel to study

*J wakes in stratified flow. The substantial agreement of wake widths and heights

with Merritt's (Reference 1) largeiy hydrodynamic data indicates that the use

of air in place of water has good potential for investigating various aspects of

submarine wakes in stably stratified ocean waters. It is believed that further

experimentation and refinement of equipment and techniques will give better

results than shown herein. Unfortunately, the lengthy period of experimental

preparations left little time for the final wake experiments. Thus they are in

the form of preliminary experiments.

The various equipment developed or modified for this project resulted

in wind tunnel capability for producing a controlled stably stratified airstream
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at speeds as low as I ft/sec. There seems to be no serious problems in

obtaining lower speeds as may be needed for testing a submarine model with a

propulsive unit for producing a mornentumless wake. Many of the experimen-

tal difficulties were caused by the vertically varying pressure drop across the

heater section. The flow equalizer plate was effective in compensating for the

varying pressure. Another problem was that of measuring low air speeds.

It was solved with the development of the small propeller anemometer. Addi-

tional development or refinement of equipment would serve to reduce testing

time and to obtain lower air speeds.

The available data from other investigations as given by Reference 1

require only the densimetric Froude number (Equation 2) as the modeling

criterion.

Fr u (2)I 2

DB , 2
Fg DB z/

In terms of model temperature gr dient, it has the following form

Fr u (47)

Lg DB (- B T

In the final experiments, T/bz - 10OF/ft. was used because it was readily

obtained with the heater section. This, together with the 8 in. dia. disk model

and air speed of 1. 25 ft/sec., gave Fr values which cover downstream dis-

' tances where effects of stratification would be well developed. This is shown

on Figure 24. The same Fr value could be obtained with lower T/bz, but

the speed must also be lower. It was feared that the speed measurement

problem for lower speeds would require more development of speed instru-

mentation.

The above experimental values may not be in the correct range for
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submarine modeling if the additional criterion developed in Section II is

important. In that case, Equations 9 and 10 are the criteria as follows:

Velocity Froude number.

Fr (10)

(g DB)

Density gradient factor.

DB Q (9)

Density gradient factor has the following form in terms of model temperature

gradient.

DB T (48)

To evaluate these criteria for model test values, some prototype values must

-3 -4
be used. Typical values for (LB/p)(3p/ z) have been given as 10- to 10 "

where L B = lOOm., the length of submarine body. These result in density

normalized gradient (i/p)( p/3z) z 10- to 10- M Perhaps higher values

may be encountered. If a layer of water 30 m. deep has a density which

varies from that of fresh water at the top to that of ocean salt water at the

bottom, the density normalized gradient is more than an order of magnitude

5 -1
higher than 10- m Consider the possible model test values for

(L B /P)(W/z) = 10 D B in Equations 10 and 48 may be replaced with L B

for model-prototype comparison. For a model length L = 2 ft., the model

temperature gradient must be -0. 28°F/ft. to satisfy density gradient factor (48).

.8 This compares with the much larger -10 F/ft. used in the disk experiment.

If a prototype speed of 50 ft/sec. (29.6 knots) and L B = 100 m. are used, then

the model test speed must be 0. 30 ft/sec. to satisfy Equation 10. This compares

with 1.25 ft/sec. of the disk experiments. No wind tunnel experiments were

conducted in these low ranges. The lower temperature gradient can
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be obtained. The principal difficulty appears to be the measurement of the

lower air speeds. The importance of the additional criterion requires experi-

mental verification with momentumless wakes in stratified flow. It may be

that some departure from required test values is permissible and may depend

on such design features as ratio of propeller diameter to body diameter as

well as density gradient. In any event, it appears, that the two criteria could

be satisfied with wind tunnel experiments.
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FIG. 6 VARIOUS INSTRUMENTS LOCATED

U ALONGSIDE THE TEST SECTION
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FIG. 17 SURVEY CARRIAGE

FIG. 18 PROPELLER ANEMOMETER
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