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FOREWORD

This is the final report on the experimental portion of the
work performed under Contract No. F33615~67-C-1406, IIT Project No.
55019, "On the Stability of Flow in Rotating Pipes," covering the
period of April 1, 1968 to April 1, 1969. The work was carried out
for the Aerospace Research Laboratories, Off‘ce of Aerospace Research,

United States Air Force, with Capt., J. A. Decaire as project monitor. ﬂ

Contributors to this report are Mr. Hassan M. Nagib,
Mr., Ludwig Wolf, Jr., Dr. Zalman Lavan and Dr, Andrew A. Fejer.
Dr. Mark V. Morkovin provided valuable assistance throughout the

course of this investigation.
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The stability of flow in rotating pipes is investigated

experimentally, The resulta of thie inveatigation also have a
bearing on the stability of flow in the core of swirling flows in
stationary ducts and free vortices, Solid body rotation is found
to have a destabilizing effect when superposed on a pipe entrance
region axial velocity profile. The range of swirl ratios up to
four is investigated using two differemnt approaches: dye streaks
visuglization and hot-thermistor anemometry. As the swirl ratio is
increased from zero to four, the axial Reynolds number at which
laminar flow breaks down decreases from 2500 to 9060. These results
agree in trend with the limit axial Reynolde number value of 82.9
that was recently obtained by analytical investigations of the
stability of a viscous fully developed axial velocity profile
subject to a rapid, almost rigid rotation in pipes. The present
results also suggest that the destabilizing trend due to solid

body rotation may also hold for other axial velocity profiles and

indicates a possible new mechanism of confined flow instability that

takes place at lower Reynolds numbers than previously believed possible.
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A, Literature Survey

Swirling flows in ducts sre important flow phenomena from a
practical as well as a2 fundamental point of view. Thege flows are
of great relevamce to rotating machinery, heat exchangers, energy
and mass separation devices, nuclear rocket engines and other po-

tential applications. It 18 of course essential in all such

i applications to predict under what conditions the flow will always

: be laminar and when it may or will undergo transition. The latter
question 18 the problem of hydrodynamic stability, which in turn
can be phrased as the stability to infinites‘mal or finite dis-
turbances. In some problema these two approaches yield results
in close agreement while in others they differ widely. Since
swirling flowa are composed of axial and rotating motiouns, we
first review the stability of these independent components and

then consider the combined flow,

Axial or Pipe Flow

Reyno;?al in his classical investigation, in 1883, concluded
that the £lov through circular pipes would be stable if a charac-

teristic numoer assoclaied with the flow ia legs than 2000,




(This characteristic number is referred to as Reynolds number.)
Such & limiting minimum value for the flow to remain laminar
under all conditions is commonly known as the critical Reynolds
number. Several investigators attempted to obtain analytical
solutions to this problem considering infinitesimal disturbances.
No instability was found when axisymmetric as well as non-

axisymmwetric disturbances were cousidered with fully developed
2,3 6

€,
flow. Sexl, Pekeris? Sexl et. alf, Corcos et. al.,

Lesgsen et. alz and 61118 are a8 few of the investigators who

studied this problem.

Corcos et, al? investigated the stability of infinitesimal
axisymmetric disturbances in fully developed flow in a pipe by
treating the classic eigenvalue problem and concluded that all
eigenvalues yield stable solutions and that for a given wave
nmber and Reynolds number only a finite number of eigenvalues
are present., These results appear to be substantiated by the
experimental investigation of Leite? who concludes that the
flow is stable to small axisymmetric disturbaunces up to a

Reynolds number of 13,000.

Lessen et. 11? investigated the stability of Poiseuille

flow to non-axisymmetric disturbances (azimuthally periodic).
1

Fox et. al.o investigated the same problem experimentally and

found a minimum critical Reynolds number of approximately 2150.




Rotta11 investigated the laminar and turbulent regimes
as well as their siructure in flow through pipes. He also
studied the changes in the axial velocity profile associated

with these flow regimes along the pipe.

Orr}z by means of applying the energy method to steady
viscous motions of liquids in pipes, was able to find a limit
Reynolds number value of 88 for sure stability of fully
developed flow., .Joseph et. 31}3 in their recent investigation
found a yet lower value of 82,88 for such & limit using a more

general approach,

Rotating Flow

Lord Rayleighlh presented his criteria for inertial
instability of rotating fluids in 1916, where he considers
purely rotating inviscid flow under axisymmetric disturbances.
According to his criteria, an inviscid rotating flow is
ungtable if the sense of the local vorticity is opposite to
the sense of the angular velocity. A different way of stating
his criteria 18: the stability of fluid motion in cylindrical
strata requires only that the square of the circulation

increases outwardly.

Taylor15 extended this work to Couette flow and took
into account the effect of viscosity. In his analysis, the
small gap approximation was made and a criterion for

3




instability was obtained. Based on this enalysis an instability
in the form of torroidal wvortices is to occur if a critical
number known as the Taylor number is reached. It should be
pointed out that this kind of instability cannot occur when

the outer cylinder is rotating at a higher angular velocity

than that of the inner cylinder. From this criterion it

follows that the flow is to be stable if the iunner cylinder is
stationary or absent, and hence pure rigid body rotation is

always stable to infinitesimal disturbances. Sparrow et, al}6

extended this analysis to include wide gaps and rotation in
opposite senses, For this phenomenon (Taylor instability)
linear theory, finite disturbance theory and experiment are

in excellent agreement. Coles17 presented a thorough inves-
tigation of the same problem in relation to the different kinds
of possible transition. HKEe concludes that there exist two
different kinds: Taylor's instability, and what appears to

be regular turbulence., The latter occurs when the inner
cylinder is stationary or rotating, and the outer one rotates
at a very high angular velocity relative to the inner one.

His work, in addition to {ts theoretical value, is an excellent
reference to experimental investigations of rotating fluids.

It should be pointed out that Taylor alsu observed the second
kind of instability. It {s believed that this instability is

not due to eccentricities as it Is stated in some of the




earlier worke (Shultz-Grunowls), but is due to a different
mechanism of instability than that of the Taylor instability.
The eccentricities in such a mechanism represent time~

dependent finite disturbances.

Swirling Flows

Chandrasekhar19 developed a stability theory for swirling
inviscid flows and attempted unsuccessfully to show that
Rayleigh's criteria is also applicable t¢ non-axisywmetric
disturbances, Di Prima30 extended this theory to viscous
fluids between rotating cylinders with an axial flow and
found that the critical Taylor number increases with in-
creasing Reynolds number. Chandrasekhar?1 Krueger et. 31?2
and Datt323 studied the stability of swirling flows under small
axisymmetric disturbances using the small gap approximation.

4
By extending Rayleigh's criterion Howard and Guptnz‘

were the first to develop a stability criterion for non-
dissipative swirling flows that has been extended to & large
gap and non-axisymmetric disturbances. From this criterion it
follows that solid body rotation as well as the fully developed
Poiseuille flow in a pipe (considered separately) are stable
under axisymmetric disturbances., Hughes and Re1d25 extended
their analysis of axisymmetric disturbances in a narrow gap

to include a wide range of Reynolds numbers,

5




26,27 attempted to treat the stability of swirling

Ludwieg
inviscid flow confined to a narrow cylindrical annulus, congid-
ering non-axisymmetric disturbances. He shows that a small
axial shear is sufficient to destabilize such & flow only if
that flow is in solid body rotation. 1In his work Ludwiegza
applied the criterion developed in the early studies to the

case of flow over a delta wing,

Kiessling29 extended Ludwieg's work to viscous fluids
and found that the critical Reynolds number increases as the

swirling flow deviates from solid body rotation.

Ludwieg?c using a complicated experimental apparatus,
verified hie stability theory and was able to observe a wave
pattern of a helicel shape. In his experiment the flow is
confined between two concentric cylinders with a relatively
small gap. The cylinders rotate in ejither direction and a

continuous axial displacement is applied to the inner cylinder.

Pedley31 extended the results of Howard et, al?z and

showed that a cylindrically symmetric shear flow of an in-
compressibie fluid sibject to rapid, almost rigid rotation
about its axis is unstable to infinitesimal inviscid non-
axisymmetric disturbances. He succeeded in obtaining this
result using non-axisymmetric linear disturbaunces (the axi-
symmetric analysis failed to show this). It should be recalled

5,26

that Ludwieg‘ obtained the same result using the narrow gap

6




approximation, In Pedley'331 analysis the flow 18 bounded

externally by a rigid cylinder and internally it may be bounded
by another rigid cylinder or the axis of the outer cylinder.

In his later work Pedley32 investigated the same f.ow -ounsider-
ing a viscous fluid and showed that the flow is urstable for
Reynolds numbers greater than approximately 82,9, Strohl33

investigated the same problem as In Pedley's32 work using a

more general numericsl approach and obtained the same results.

There is a real surprise in Pedley'332 and Strohl's33

work in that they contradict the wideapread belief that rotation
always has a stabilizing effect. A conclusion of their work is
that a slow Poiseuille flow in & pipe has a destabilizing

effect on a rapid, rigid body rotation and that a rapid, rigid
body rotation has a destabilizing effect on a slow Poiseuille
flow. It shouid be noted from the results of earlier works

that each of these flows is stable by itself,

The stability of axial flow in rotating pipes was
investigated experimentally by White34 and Cannon et, 01?5
The two investigations conclude that rotation is stabiliging.
It is believed that their results disagree with the analysis of
Pedley32 and SCro'nl33 because solid body rotation was not ob-
tained in their experiments, and regions of recirculation were
present, It was therefore proposed to coastruct an experiment
that will be .ree of these objections and will more closely

approximate the study of scability of an axial flow with a

superposed solid bedy rotstion,
7




B. Definition of the Problem

An attempt is made toward the experimental investigation

of the hydrodynamic stability of flow in rotating pipes. The
flow is to be a solid body rotation superposed on an axial
velocity profile that is free of recirculation. A fully
developed profile would have been desirable; however this
requires a cumbersome length or an intricate entrance config-
uration. It was therefore decided to use an axial velocity
profile characteristic of pipe entrance regions, The working
fluid is water and a range of axial Reynolds numbers up to 7000
is to be investigated, The classification of the flow coundition
into laminar and turbulent regimes is carried out by dve streak
vigualization and hot-thermistcr probes. When the regular
laminar flow pattern breaks down slightly the flow is said to

be in the trans‘tion regime, and when a continuous state of
irregular motions is reached the flow is referred to as turbu-
lent. It should be pointed out that these definitions are not
precise. A more precise and detailed study of the structure of :
the disturbed flow is cne ¢f the problems concemplated for

future lavestigation.




CHAPTER II

EXPERIMENTAL APPARATUS

The rotating pipe apparatus shown in Fig., 1 was designed
with the following objectives in mind.
1) To control conditions at the inlet and outlet
of the rotating pipe in order to obtaln a flow

of solid body rotation and an axial flow which

is free of reverse axial components,

2) To provide a pipe of sufficiently large diameter
in which quantitative measurements of the flow
field could be obtained and - hich facilitates

visual diagnostic approaches,
3) To allow a wide range of operating conditions,

4) To permit the possibility of using different

fluids as working media.

The apparatus and the associated equipment are described

below.

A, Rotating Pipe

The rotating pipe apparatus consists of a 73-3/4 inch loug
lucite pipe. The pipe has 8 3-1/4 inch inside diameter and

3-3/4 inch ou.:ide diameter (L/D & 23), The tolerance, as

stated by the manufacturers, is + 0.020 inches, However, the




ROTATING PIPE APPARATUS
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majin tolerance 1a in rhe wall thicka: e, while the inside

diameter is accurate to within + 0,005,

For any experimeutal inve igation connected with the
study of the stability of rotating flows, it is found
(see Colesla) that the tolerance in the concentricity between
the axis of the rotating body and the axis of rotation should
be minimal. The pipe is therefore constructed so that it will
rotate about an axis that best coincides with the center of
the inside diameter along the length of the pipe. This is
achieved by cementing stainless steel sleeves to the outside
diameter of the pipe. The sleeves are machined to an outside
diameter of 4 t g:gggg inches and a maximum tolerance on their
concentricity with the center of the inside diameter of + 0.005

inches, This procedure is found to be time-consuming and

relarively expensive.

The sleeves are used to support the pipe inside five
self~aligning ball bearings. Two of the five bearings are
located close to each other on one long sleeve, which is also
used tc¢ mount the drive mechanism pulley (located between the ;
two bearings). These two pearings re located as close to each 8
other as the thl.ckness of the pulley permits, &cd tb- remairing
hearings are equal'y spacad., The five bearings are fouvr ‘ach
diametver self-aligning ball bearings. Four 2f them are

medium-duty pillow blocks and the fifth is a medium~duty

e~




flange unit., The flange unit bearing i3 mounted on a
1-1/2 x 13 x 17 inch aluminum plate. Rotating oil seals are

mounted at each end of the pipe.

A pressure-tight settling chamber is provided ac the
inlet of the pipe, while an open tank is used at the sutlet,
The pressure~tight chamber is made of an 1l inch long 7-1/4 inch
inside diameter and 8-1/4 inch ocutside diameter lucite tube,
The chamber is bounded on the downstream siue by the aluminum
plate on which the flange unit bearing is mounted and a

1 x 10 x 10 inch aluminum plate from the upstream side,

The flow supply line is connected to the upstream face
of the pressure-~tight chamber and a flow cortrol valve is
located & small distance upstream of the aluminum plate in
the supply line., The downstream open tank is made of 1-1/2 inch
plexiglass, The dimensions of the open tank are 15 x 20 x 36
inches. The entire assembly is mounted on a 20 inch wide,
12 feet long, aluminum channel resting on three lab tables.
The drain, supply and coonecting flow lines congist of one-
inch diameter tygon tubing. The Jownstream open tank is equipped
with a drain system that can maintain 8 constant head in the tank
for all axial Reynolds numbers used. The system is a two-level
drain with a valve controlling the lower drain, which is at a
level higher than that required to keep the rotating pipe filled

at all times,




The apparatus is equipped w.th a high head settling tank
thit can be used for temperature control, as well as treating
the water to eliminate the color from the dye injected when
operating in a recirculating mode. The settling tank can

also be used to eliminate some of the air bubbles in the water.

When assembling the rotating pipe apparatus, the bearings
were aligned and thke pipe was leveled horirzontally within a
tolerance of + 0.005 inches, by means of shimming the bearings.
In aligning the bearings, piano wire, under tension, was used.
It is felt that this procedure, although introducing some
stresses in tie fucite pipe, is necessary to insure that the

pipe rotates concentrically about its axis.

The rotating pipe is equipped with porous plugs at both
inlet and outlet in an effort to create a flow field of solid
body rotation. It can be argued that if the pressure drop
across the porous plug, due to the axial flow, is large in
comparison to the radial prassure gradient associated with the
pipe rotation, the flow downstream of the plug should be free
of reverse axial components. In addition, if the plug is of
uniform thickness, the flow field downstream of it, (up to
some swirl ratie) should epproximate plug flow superposed on
solid body rotation. This limiting swirl ratio is governed
primarily by the porosity of the plug as well as the other

properties,

13




The porous plugs used are made of General Electric
low-density nickel foametal. This material was chosen after
different types of porous materials were ianvestigated analyti=~
cally and experimentally. The upstream plug is taken from a
one~inch thick slab and the downstream plug from a two-inch
thick slab. The plugs are 3-1/4 inch in diameter and are made
to rotate with the pipe by placing them inside the ends of the
pipe and ccmenting them with RIV. The pore size of the porous
material Zs in the range between 0.020 inch and 0.100 inch.
There are from 11 to 25 pores per lineal inch. The porous
material is manufactured by means of foaming the nickel and
is shaped by molding. The material has a bulk density of 27
of the solid nickel density. The foametal is also available
in other metals, such as copper, and in a wide ranze of density,
ranging from 2% to 65%. Although all the technical pioperties
are supplied by the manufacturers, they are not available for
the low density range (below 207 density). The material can be
easily cut with a band-saw or other wood-working tools. The
manufacturer recommends impregnating the material in paraffin
before machiriing and removing the paraffin after machining is
finished by soaking the material in degreasing solution. This
procedure wae not used and direct machinirg on the lathe was

carried out successfully.




The pressure drop across the porousz plugs was measured as

a function of the flow velocity. The messurements show that it

is proportional to the square of the flow veloclty and is

independent of the speed of rotation in the range of the present

experiments, A simplified analytical approach is used to

extend these results to the focllowing more general and useful

relation (see Appendix A),

II.1

where T 1is the swirl ratio and is defined by the ratio of the

tangential Reynolds number to the axial Reynolds nuwber.

The tangential Reynolds number NRG is defined by

RO v 2v

where V 1is the maximun tangential velocity and the axial

Reynolds number NR: is defined by

<|8

Rz
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where W 1is the mass flow average of axial velocity, APr is
the radial pressure difference due to the pipe rotation, and

AP: is the pressure drop due to axial flow across one-inch

of the porous material used. The ratio of the pressure gradient
associated with the pipe rotation, to the pressure drop across
the porous plug, due to the axial flow, remeins much smaller
than unity (e.g., 1/100) , if the swirl ratio does not exceed

a value of approximately four (based on a one-inch thick porous
plug). Since the upstream plug is one-inch thick, one would
expect the plugs to be effective in imparting the solid body

rotation only up to swirl ratios of approximately four.

B. Drive Mechanism

In order to allow rotztion of the pipe over the range of
tangential Reynolds number:s under investigatioun in a stable
and accurate manner, a complicated drive mechanism has been

devised.

The reason for this can be explaines ss follows, For a
pipe with an inside diameter of 3-~1/4 inchis, using water as
the workiang fluid, a rotational speed of about (.27 RPM's
corresponds ¢to a tangential Reynolde number (NRQ) of 100.

A coumercially available 1-1/% horsepower variasble-cpeed D.C.
shurt motor, was found to operate at satisfactory stable speeds,

over an RPM reange of approximately 30 to 1400 RPM's, This

16




requircs a speed reaucticu ratio of approximately 300 so 1,
in ordar to provide operation at the veguire? range of

tangential Reynolds numbers,

Tiw: Arive mechanism used provides a range of sperd
reduction ratios as high as 400 to 1 and &as low as 13 to 1.
This offers stable c¢peration at tCangential Reynolds numbers
ranging approximately fromw 25 vp to 40,000, ThLa fluctuation
in the rotational speeds using this drive wechanism is fouund

to be approximetely 2X.

The D.C. shunt motusr electrical supply and speed coutrol
unit conaittas of the components shown schematically Iin Fig. 2.
The speed control oif the motor is cariied out by using the
armature~terminal-voltage control system. (This is the same
coutrol systiowm used in the Ward Leonard system.) This :ontrel
me.thnd, offering both constant torque and constant horsepower
speed conirol, utilizes field control and armature-voltage
control. The control panel for the D.C, shunt motor is

shown in Fig. 3a.

The motor drives, through two pulle;s and & V-belt, a
vrriable reduction speed hydraulic transmission (Vickers
3/4 H,P, Model No. TR8-HR18-F18-20 Hydraulic transwission
unit). This variable reduction speed hydraulic transmission

offars reduction ratios from 1 to 1 and up to 20 to 1 (see Fig. 3c).

17
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B.  DRIVE MECHANISM GEAR BELT AND PULLEY
MOUNTED ON ROTATING PIPE

FIG, 3. DRIVE MEGAANISM COMPONENTS
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The variable reduction speed hydraulic transmissien

drives the rotating pipe through a transmission consgisting of
four gear belt pulleys and two gear belts (timing belts).

The four gear belt pulleys have pitch diameters of 2,865 inches,
24,828 inches, 5.013 inches, and 8.913 inches, respectively.

The gear belts and pulleys provide a speed reduction ratio of
approximately 13 to 1., The two intermediate puileys located
between the pulley on the output shaft of the hydraulic trans-
mission and the pulley mounted on the rotating pipe, are mounted
on a common one~inch diameter steel shaft, The shaft rotates
inside two one~inch block bearings attached to aluminum chaanels
on which the whole apparatus is mounted, All the components of

the drive mechanism are shown in Fig. 3.

The rotational speed measurements are monitored by means
of a micreswitch indicating the rotational speed which is
actuated by the largest gear pulley (see Fig, 3d). A D.C.
voltage source { a 22~1/2 volt battery) and an electronic
counter (Hewlett<Packard 52331 digital counter) are used in
connection with the microswitch. The schematic diagram in
Fig. 4 shows the elecftric circuit used in the rotational
speed meaguring instrumentation. The counter ocutput is in
kilocycles, that can be converted to 2ither RPM's or tangential
Reynolds numbers, For high rotational speeds the microswitch

arrangement is replaced with a magnetic pickup, placed against
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the same gear pulley. Within the operating range, both the
wicroswitch and che magnetic pivkup circuitry offer an azcuracy

in the rotatiocual speed measurements of approximately 0,1%.

The drive machaniswu daescrivbed above offers numerous
control posgibilirives. By proper adjustments cne can achieve
the required tangenrial Reynolds number at operating conditions
that are almost free of vibrations. Observation of the free
gur face 1. the dowmstream open tank, eveu the presence of slight
vibrations in :he assembly, can be readily detected with the
naked e¢ye. Adjustments must then be made to eliminate these
vibrarions since the absence of noticeable vibration is essen~

tial irn an inveetigation concernad with stability.

C. Modes of Opexation

The uapperatus can be operatéd in a single pass mode where
water from the building supply line passes through the apparatus
to a drain, It can also be operated in a recirculating mode
with the water being recirculated through the apparatus by a
centrifugal pump. The pump is capable of delivering a head of
30 feer of water at a rate of about nine GPM'r. This a1 angement
permits the adaptation of the apparatus bto 1 rauge of different

aoperating conditions and to different working fluids,

The singl: pass mode offers a higher range of axial Reynolds

numbers, since the supply line pressure is higher than the head




delivered by the centrifugal pump. With water as the working
fluid, the single pass mode can be operaced at axia. Reynolds
nunbers ranging frem O to 12,000 and the recirculating moosc
can be operated at axial Reynolds numbers rarging from O to

7,000,

When dye injection vievalization is used the single pass
mode 18 prefevable since recivculation in thie case is prac=-
ticalls impossible over a long period of time. In that case
the dye injected would, wicthin 2 short tiwme, colur the water
in the aystem and the visibilicty of dve streaks would rapidly

diminish with time.

There are however, soveral problems associated with the

sing’e pass mode:

1) The difference betwecn the supply line woter
pressure and the rooin pressure. Due to
thie diffe rence in pressure, a large number of
air bubbles are formed in the pipe, vhich leads
to problems with both the dye visualization and
the hot-thermistor anemometry. In the case of the
dye, the bubbles tend to disturb the dye streaks;
and, in the case of the thermistor, the bubbles

cause a large amount of noise in the cutpuc signai.

2) The fluctuation in the supply line pressure, This
ie especinlly apparent during the dzy, and it hinders

the accurate adjustment of the flow rate,
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The recirculating mode provides a very stable and quiet
operation. Unless dye 18 injected or the thermistor output i1s
observed, a person standing next to the apparatus cannot detect

tne flow, except by observing the flowmeters,

Using the iecirculating mode, the flow rate can be
controlled to within 0.5% in the operating range of the present

investigation, The air bubble problem is alac eliminated here,

The only problem comnected with the recirculsting mode is
the energy supplicd to the system by the pump, which tends to
slowly raise the temperature of the water. Although this
problem did not have great effect on the stabilitv readings
taken by the thermistor, it had some effect on the messure-
ment of axlal and tasgential velocity fieids. {¥This is dig-
cussed in more detail iIn Appendix B,) To minimize tuis prob-
lem, the system is left running for a long time, (untlil the
water tempe:zcture reaches its equilibrium level) before per~

forming any experiments,

For +he above mentioned reasons., and in view of the
that the present investigation is concerned wiith stability, the
recirculating mode has been chcsen for the quantitative measure-~

ments using the thermistor probes.

The flow rate through the avparatus 13 monitored by a

rotamete: it luw fiow rates and by a turbine-itype {lowmeter
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(Potter Aero. Corp. Model 5/8-5570) at high flow rates. The
range of measurements of both meters overlap in the range of
axial Reynclde nuwbers from 1,300 up to 4,200, The two flow-
meters combined cen measure axial Reynolds numbers ranging from
80 to 14,500, Both meters are calibrated in the apparatus and
offer the accuracy in the axial Reynolds numbcers measurements
stated above. The output of the turbine-type flowmeter is
nmonitored by means of a Hewlett~Packard 5233L digital counter,
The output is linear and is in kilocycles, which can be con-
verted to axisl Reynolds numbers. The flowmeters ard the

digital counter are shown in Fig. 5a.

D, Dye Iujection

The rotating pipe inlet is equipped with dye injectiou
probea. The probes are made of 0.026 inch inside diameter and
0.042 inch outside diameter stainless steel tubing., The dye
probes are lozated at four radial positions. The innermost
one is on the axis of the rotating pipe, and the outermost
is in the vicinity of the wall (approximately 1/16 inch from
the wall)., The two other probes are located at equal distances

between these two (see Fig. 5b).

The probes are joined at their upstream ends and connected
to the dye supply tube. The connecting and supply tubes are

made of 1/16 inch inside diameter ard 1/8 inch outside diameter
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stainleas steel tipes., All the jointi are made by means of
ailvzr soldering. The probes pass through the porous plug
inside four stainless steel tubes of 1/8 inch inside diameter,
attached to the porous plug by mesns of epoxy. These tubes
sexrve as brarings for the probes. In mounting these tubes,
extra care vas taken to have all four tubes parallel to the axis
of the plug and hence to each other. <The probes were then
placed inside the sleeves through the porous plug snd tested
outyide the apparatvs. By injecting water through the probes
and observing the emerging jets, it was found that within the
length oi the votating pipe (6 feet) the jets remsined paraliei
nd at equal distancrs from each other. A picture of the dye
injection probes mounted inside the sleeves and through the

upatresm porous plrg can be seen in Fig, 6a&.

A short length of a larger diameter stainless steecl tube
{1/4 inch outside diameter) is silver soldered to the supply
tube, (The 1/4 iuch outside dicetsr tube purmics the use of the
smallest commercially available oil seai.) The ~il ;esl is used
to serve both the functions of the bearing and seal. The sezl is

preas-fitted at the end cof the dye pressure chamber,

The dyve pressure chamber is cylindrical and is made of
aluminun., It is movnted on the upstresm plate of the pressure-
tight settling chemboer, located at the inlet of th: rotating pipe.

The dye is supplied to the dye pressure chambe¢r by means of




A. TNYE PROBES MOUNTED THROUGH INLET POROUS PLUG

B, INLET CHAMBER WITH DYE INJECTION COMPONENTS

FIG. O. DYE INJECTION COMPONENTS
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tygon tubing from a large glass container and the amount flowing
i8 controlled by a precision needle valve. Pressure is applied
to the container using & rubber hand pump. The dye injection

apparatus is shown in Fig. 6b,

The dye is injected & small distance downstream of the
downstream face of the porous plug. Since the plug rotates
with the tube, it appears that the dye is injected with ne

tangential velocity relative to the flow.

The dye used in these studies consgists of malachite green
crystals disolved in water. The density of the dye should be
the same as that of water. Alcohol is added to the dye solution
to effect density correcticns. This is, however, an infrequent
occurrence since the amount of crystals needed to give the dye
its color is very small, The dye has a bluish-green color and

does not lose its color even if left for several days.

The two main problems encountered in using the dye can be
summar ized as follows: first, a high relative axial velocity
between the dye jet and the flew velocity may lead to dye jet
instability. This instability was found to be a function of
the relative velocity only, which in turn is a function of
the difference between the dye injection pressure and the
pressure of the flow at the location of the injection. It is
also found that this instability may occur in laminar or

turbulent conditions in the flow field. By careful observation
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(8ee Fig. 7), one can differentiate between the turbulence in

the flow field and the dye instability, since the latter has
smaller scale eddies. This problem is eliminated by carefully
controlling the pressure applied to the dye sc that the axial

velocity of the dye is the same gs the axial velocity of the flow,

The second problem, which is less serious, is the
differential! in size and resistance between the dye probes.
This can also be seen from Fig. 7, where tke dye jet instability

is occurring in some of the dye streaks and uwot in the others.

E. Instrumentation

In a recent investigacion of the stability of Hagen-Poiseuille
flow to non-gxisymmetric disturbances by Fox et. al}? hot~
thermistor anemometry was used. The probes were uzed in a con-
stant current mode to achieve a high sensitivity in messuring
the velocity fluctuation, The working fluid used in this inves-
tigation is water. In comparison t» this study, Leite9 inves-
tigated the stability of the same flow to axisywmetric dis-
turbances using air as the working fluid. In his investigatiom,
Leite used hot-wire ane wometry. Both investigations yield

positive and successful results.

These investigations influenced strongly the choice of the
instrumentation used in the pcesent investigation. Although

Fox et. al.lo concluded that they are countinuing their experiment
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TEST SECTLION

LAMINAR FLOW JET INSTARDITY

TURCULENT FLOow JET INSTAZILITY

FIG, /. DYE STREAK INSTABILITY AT ; AMINAR AND TURBULENT AXIAL
REYNOLDS NUMBERS WITH NO ROTATION




using wedge-shaped film probes with the hope of better results,
adequate results were obtained using the hot~thermistor ane-
mometry as reported in their investigation. In view of this,

it was decided to use hot-thermisotr anemometry for the present
investigation. This decision was supported by the resuits of

Aa survey of literature on hot-thermistor anemometry. The main
conclusions of this survey and other information on hot-thermistor

anemometry are discussed in Appendix B,

In short, thermistors were chosen for this investigation
since their high electrical resistance permits easy filtering
of noise introduced by brushes and slip rings and makes pessible
the use of inexpensive and convenient electronics. They also
offer, in water, the possibility of spatial resolutibn and noise
levels that are better by an order of magnitude than those obtain-
able with platinum film probes. The probes are rugged, inexpen-
sive and are commercially available. The major problem encountered
is their low frequency responses. This however, does not limit
their usefulness ii determining transition from iaminar to
turbulent flow regimes. The probes were used in a constant

current mode.

The different types of thermistor probes used are shown in
Fig. 8. All the probes were commercially acquired, but additional
work was performed on them to make them suitable for the mounting

used in the rotating pipe apparatus,
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FIG, 8. THERMISTOR PROBES
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The slip rings and brushes are homemade, though the
underlying idea is related to mercury-wetted slip rings that
are commercially available. The slip rings are made of two
i/2 inchk thin sheets of brass., Each sheet is cemented to
theloutside of the pipe f{around its circumference) and is
joined by soldering. The brushes are two 1/2 inch ribbons made
cf brass screening. 7The ribbons are wrapped around the slip
rings and connected to the two electric terminals located on

a firved rod mounted next to the rotating pipe (see Fig. 9a}.

The brushes are spraved with water which remaing in the
form of droplets (due to surface tension between the tiny
square openings of the screen material). The amount of noise
produced by the brushes is very low and can be suppressed very
easily using an R=C filter, since it is of a much higher fre~
quency than the output of the thermistor probe. A single appli-
cation of water to the brushes is adequate for three hours of

continuous operation.

The output of the thermistor anemometers is connected to
the following instruments (shown in Fig., Sb):
1) Hewlett-Pacicard 3440A digital voltmeter equipped

with a 344A D.C. multi-function unit to measure

the D,C, component of the output.

Ny
S

DISA ¢ype S5D3S REMS unit to measure the root-mean-

square of the A,C. component of the output.
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A. SLIP RINGS AND BRUSHES

B. ANEMOMETRY MONITORING INSTRUMENTS

FIG. 9. ELECTRICAL INSTRUMENTATION COMPONENTS
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kD) Tektronix type 5024 dual-beam oscilloscope t< monitor

the output.

4) Tektronix type 564 storage oscilloscope equipped with
type 3A3 dual trace differentiai amplifier unit and a
type 2BG7 time Lase unit to store the output for

taking pictures such as are shown in Fig. 16,

5) General Radio type 1564-A Souund and Vibration analyzer

to analyze the frequency of the output,
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CHAPTER IIIX

EXPERIMENTAL RESULTS

In the present investigation the study of the stability of
flow in rotating pipes is approesched by means of two techniques:
diagnostic dye streak flow visualization and quantitative hot-
thermistor anemometry. The diagnostic flow visualirstions sre
performed in the single pass mode of operation due to reasouns
explained in Chapter II.D. The rest of the experiments are

performed in the recirculating mode of operation.

Since the knowledge of the flow field is important for the
interpretation of the stabilitv resulcs, an attempt is also made
toward a compreheunsive understanaing of the flow ’ield using the
diagnestic technigue and the quantitative technique mentionec
above., A discussion of results is presented in this chapter,
The results obtained by the two methods are compared und the
differences are discussed. In addition 3jome csesults obtained
using the hydrogen bubble visualization tecnnique are prerented

eud discussed in Appendix C.

A. Tlow Fleld Decermitation

The flow fizld 1s investigated in relation to the axicl
veiocity distribution, the tangentiax velocity distribution

and the entrance and exit flow conditions. Fejer et. 31?6 in
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their investigation concluded that the flow field in a rotating
duct can be divided into three regions: 1) an inlet regionm,

in which reverse axial flow may occur near the tube wall,

2) a central region, in which the flow is relatively inde-
pen@ent of axial position, and 3) an outlet region, where
reverse axial flow may occur near the axis of the tube. These
experimental results are strongly supported by the analytical

iavestigation of Lavan et, 81?7

1. Flow Visualization Using Dye Streaks

Soon after completion of the apparatus attempts were made
to determine the flow field along the rotating pipe. Flow
visualization using dye streaks introduced by probes was
carried out. Three types of experiments were set up to answer

the following three questions:

1) What is the entrance axial velocity distribution
and what are the changes in that distribution as the

flow proceeds downstream?
2) Where and under what conditions is the fluid in the
pipe in solid body rotation?

3) To what extent, and under what conditions, does
reversed flow exist in the entrance and exit regions

of the rotating pipe?



The experiments related to the first two of these questions
were conducted using the dye probes described in Chapter II.D.
A different dye probe was used in the experiments related to the
third question. This latter probe is a 1/4 inch inside diameter

tygon tube connected to a pressurized dye container.

To study the axial velocity distribution, short dye streaks
(about 1/2 inch long) are pulsed and observed as they propagate
downstream along the pipe, This test is carried out at laminar
flow conditions for the stationary pipe as well as for different
tangential Reynolds numbers. It is found that the dye streak
pulses propagate downstream at the same rate and thus remain
at the same relative axial position to each other. The only
exception is the dye streak in the vicinity of the wall (pre-
sumably in the boundary layer formed downstream of the entrance
porous plug). Hence, it is concluded that within the range of
the three inner dye streaks (about 2/3 of the diameter of the

pipe) the axial velocity is almost uniform.

The most important results from the dye visualization
are the ones relevant to the presence of s0lid body rotation.
Since the probes are all located on the same angle of the pipe
section, the streak lines should remain on a single radial line,
in the case of solid body rotation, as they advance downstream.
This yields a pattern that looks like a ribbon twisted along

the axis of the pipe. If the flow is not in solid body rotation,
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the streak lires will tend to be oriented at different angles
as they propagate downstream, yielding a pattern of four streak
lines which appear to be different sizes of concentric helical

spirals of different pitches.

Performing the above observations, it is found that for a
fixed axial Reynolds number, as the tangential Reynolds number
is increased, the time required to achieve solid body rotation
is increased, Furthermore, when solid body rotation is achieved,
its region extends over the whole length of the pipe between the
porous plugs. The flow is indeed essentially in solid body
rotation for swirl ratios less than or equal to four as was
predicted in Chapter II.A. When the swirl ratio is larger than
approximately four, it is impossible to achieve solid body ro-
tation, with the 27 dense plugs, even if the pipe has been
rotating for a very long time. The time required to reach
solid body rotation for swirl ratio of say three is found to

be approximately ten minutes.

Since the presence of flow reversal is possible at the
entrance and exit regions of the rotating pipe, (see Lavan

37
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et. all’ and Fejer =t, all ), these regions were investiecated,

A number of experiments were periormed by observing the
dye streaks, injected through the four probes in the rvtating
pipe, and notiry the direction of the dye propagation., In

these experiments the axial Reynolds number was fixed and the
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tangential Reynolds number was increased up to swirl ratios
of approximately 20. These experiments were performed for
different axial Reynolds numbers., No evidence of reversed flows

along the rotating pipe between the two porous plugs was observed.

When the 1/4 inch tygon tube was placed against the center
of the upstream side of the inlet porous plug and along its axis,
and dye was injected, the following was observed: for relatively
high swirl ratios, the dye enters the porous plug at the axis and
returns in the opposite direction (toward the upstream of the
main flow) in the vicinity of the wall. When dye was supplied
at the exit plug from its downstream end the following was
observed: for relatively high swirl ratios the dye enters the
porous plug at the axis (toward the upstream end of the pipe)
and returns in the main flow direction in the vicinity of the
wall, When the dye probe is moved slightly downstream and away
from the rotating pipe, the dye injected follows the main flow
as it comes out of the probe, and hence one may conclude that
the observed recirculation is not due to the velocity of the

dye relative to the flow.

These results agree with the conclusions of the study by
Lavan et, 81?7 that predicts regions of recirculation for
large swirl ratios and indicate that, within the operating
range of the present investigation, the recirculating regions
at the inlet and exit of the rotating pipe are maintained

inside the porous plugs.
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2, Measurements Using Thermistor Probes

The experimeuts performed using the thermistor probes

were mainly concerned with the axial velocity distribution.
In addition, the conditions at which the flow remains in solid
body rotation were alro investigated at the section where the

stability measurements were conducted,

Since the probe is mounted radiclly in the pipe und
rotates with it, it shouild not sense any tangential velocities
if the flow is in solid body rotation. Hence, if the flow is

at a fixed axial Reynolds number and is in solid body rotation,

the D.C., component of the probe output should remain constant
even with changing tangential Reynolds numbers, The only
restriction is the requirement that the axial velocity dis-
tribution should remain the same as the swirl ratio is increased.
This restriction is satisfied for the range of swirl ratios less

than four, where the tangential motion does not substantially

affect the axial velccity profile (see Talbot?9 T.avan et, 81?7

and Fejer et, al?B). This is true then for all radial positions

where the sensing element in the probe can be locs“ed.

A series of experiments were performed for different fixed
axial Reynolds numbers and increasing tangeutial Reynolds
numbers., The D,C, component of the thermistor output was
observed on both the digital voltmeter and the oscilloscope.
The nscilloscope sweep for these experiments was maintained

at a very low rate (1 sec/division). Thc sene experiment




was repeated for different fixed tangential Reynolds numbers
aud increasing axial Reynolds numbers. It was observed in both
sets of experiments that the output remains constant at swirl
ratios less than approximately four., For swirl ratios larger
than four, the digital voltmeter reading is periodically chang-
ing, while the output on the oscilloscope for these cases
appears in the shape of a sinusoidal wave (see Fig. 10)., The
pericd of this output, measured on the: escilloscope, is found

to corregpond to the pipe rotation.

The preceding procedure was repeated for three different
radial positiors of the sensing element in the probe. Probe 2
and Probe 3, which were used in this study, gave identical

results.

A series of experiments were zlso performed in connection
with the axial velocity distribution at different axial eynolds
numbers with the pipe being stationary. The experiments covered
axial Reynolds numbers up to 7,000 in steps of 500. The probe
was placed at eight different, equally spaced radial locations
between the wall and the axis of the pipe, at an axial distance

of approximately i9 pipe diameters downstream of the pipe entrance.

It was found, within the accuracy of the measurements,
that the shape ot the axial velocity profile remains essentially

the same for the range of Reynolds numbers within the laminar

44




A. LAMINAR FLOW IN SOLID BODY ROTATION (T < i)

B, LAMINAR FLOW NOT IN SOLID BODY ROTATION (T > 4)

FiG, 10, OSCILLOSCOPE TRACES FOR DISCRIMINATION OF SOLID BODY ROTATION
(sweep = 1 SEC/aM:  SCALE = 1 Mv/CM)
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regime, As the flow changes from the Laminar regime to the
turbulent regime, the axial velocity profile changes and remainsg
essentlially the same fcr the whole range of axial Reynolds
numbers within the turbulent regime. The laminar and turbuiert

axial velocity profiles are shown in Fig. 11.

B. Study of Stability

The study of the stability of flow in rotating pipes was
performed in the present investigation by means of diagnostic
and quantitative techniques. It is to be noted that the only
difference in applying th2 two techniques is the position along
the rotating pipe where the technique is used. The dye streak
visualization technique was centered on & section about three
pipe diameters downstream of the porous inlet plug, while the
thermistor probe measurements were performed at a section about
19 pipe diameters downstream of the inlet. In both cases the
emphasis was on the determivation of the dependence of the
transition from the lemirar to the turbulent regime on the

azial an. tangential Reynolds number.

1. Flow Visualization Using Dye Streaks

Dye streaks are introduced by the dye probes into the flow
field 11 order to deterwmine the trensition irom laminar to
turbuleut vegimes, These tests can be subgrouped in the

following manner:
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1 Dye streak observations for non-votating pipe with

increasing axial Reynolds numbers.

2)  Dye streak observations for diffcrent fixed axial
Reynolds numbers with increasing tangential

Reynolds numbers,
3) Dye streak observation for different fixed
tangentcial Reynolds numbers with increasing
axial Reynolds numbers.
The dye streak observations were performed in the same
manne: as those of the historical investigation of Reynolds}

in which he determined the transition from the laminar to¢ the

turbulent regime in cirxcular pipes.

Photographs of the dye streaks for various axial Reynolds
numbers with the pipe stationary (NRe = 0) are shown in Fig, 12,
At the low axial Reynolds numbers the dye streaks are undisturbed,
indicating that the flow s laminar. As the axial Reynolds
number 18 increased, the dye streaks hecome more and more

disturbed and eventually break up, indicating a turbulent flow.

In Fig., 13 photographs of the dye streaks are presented
for a fixed axial Reynolds number (one that is laminar with
the pipe stationary) and increasing tangential Reynclds numbers.

It is observed rthat the flow becomes turbulent as the tangential

Reynolds number is increased. Observations at different fixed
tangential Reynolds number (not shown) indicate that transition
to turbulent flow occurs et a lower tangential Reynolds number

when the axial Reynolds number is higher,
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F1G, 12, DYE STREAKS FOR INCREASING AXIAL REYNOLDS NUMBEPS
WITH NO ROTATION (Nm9 =9)
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The increasing tangential Reynolds number was also found
not to change the turbulent regime to a laminar one for an
axial Reynolds number yielding turbulent flow when the pipe
is stationary. This result disagrees with the results obftained

34
by White and Cannon et, al%5

The dye streak photographs shown in Fig. 14 are for fixed
tangential Reynolds number and increasing axial Reynolds number.
Here it is observed that transition to turbulence occurs at lower
values of the axial Reynolds number when the tangential Reynolds

number is increased,

While studying the dye streaks as they change from the
undisturbed to the disturbed patterns, indicating transition
from the laminar to the turbulent regime, it was observed that
the streaks revealed at first a regular wavy pattern (see Fig. 13
and Fig. 14) before amplifying and breaking into irregular

patterns.

It was also found that the dve streak observations are much
clearer and easier to interpret in-those experimencs using the
tixed tangential Reynolds numbers and increasing axial Reynolds
number than in those using fixed axial Revnolds numbers and
increasing the tangential Reynolds number. This is due to @
number of factors; the most important being the long time
required to reach solid body rotation at high tangential
Reynolds number. The observations of the dve streaks are

summarized in Fig, 15, where a curve of transition from laminar
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DYE STREAKS FOR INCREASING AXIAL REYNCLDS NUMBER AT
HIGH ROTATION (NRe = 5700)
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to turbulent regimes {is shown as a function of axial aud

tangential Reynelds numbers,

2. Measurements Using Thermistor Probes

From the dye streak visualizatiou stability data it was
concluded that it is more convenient to use fixed tangential
Reynolds number and increasing axiul Reynolds numbers rather
than using fixed axial Reynclds numbers and Ilncreasing the
tangential Reynolds number. It should be also noted that the
two approaches yield the same results (points on the same
curve). Hence, the first method was the only one used in the

hot-thermistor anemometry measurements.

Transition from laminar to turbulent regimes can be
measured using sensing elements with a limited fiequeucy
responge. This is possible since the spectrum of turbuleat
velocity fluctuations covers a wide frequency range. In
addition, the amount of energy in the low frequency range is
usually larger than that in the high frequency range. This
explaing that a typical turbulence spectrum has usually an

overall uegative slope (3ee, e.g., HinzeAO and Schlichtingal).

Thermistor Probes 1 and 4, which were used for the
stability measurements, have maximum frequency responses of
approximately five c.p.s. and ten c.p.s., respectively, Thus,
it should be understood that the probes sense only the energy
contained in the range of velocity fluctuations in the flow

field, which is bounded by their maxinoum f{requency response.
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By menitoring the output of rhe probes on the sgeilloscope
and at the same (iwe recovding the RMS value of the A C, component
uslng & true BMS meter, adequate Information about traasitlon
from che laminar to the turbuleunt regime was cobtained. Tyrical
oscillogscope traces at different flow coud{tionsg using differ-

ent sweep rates are shown in Fig. 16,

The RMS values of the thermistor output as a function of
axial Reynolds number were obtained at different fixed tangential

Reynolds numbers. Two of these curves are shown in Fig. 17.

While obtaining these readings, pictures of the oscilloscope
trace were taken. Two sets of these pictures are shown in
Fig. 18, for the stationary pipe and for a tangential Reynolds

number of 1735,

Studying the curves, it is coucluded that the first straight
line portion of the curve corresponde to the laminar regime,
the second to the transition regime, and the third to the turbu-
lent regime. These data are replotted in Fig. 19 to show the
three regimes as a function of axial and tangential Reynolds

numbers.

Similar information can also be deduced by studying the
pictures in Fig. 18. It should be apparent from these pictures
where transition from laminar to curbulent regimes starts and
where 1t ends, for both the :otating and the non-rotating flow
conditions. Some of the conclusionsg which are obvious firom

the pictures are:
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FiG, 18, OSCILLOSCOPE TRACES AT INCREASING AXIAL REYNOLDS
NUMBER FOR TWO FIXED TANGENTIAL REYNOLDS NUMBERS

NRB = 1735 FOR LEFT COLUMN
N

ce = 0  FOR RIGHT COLUMN

(sweep = 0.2 Sec/DIv: ScALE = 1 mv/DIV)
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1) The pictures on the first page (of Fig. 18) indicate
that both the rotatiung and non-rotating flows are in
the laminar regime (NRz < 1000).

2) Tue pictures on the second page indicate that the
rotating flow is in the traneition regime while the
non-~retating flow is still laminar (1700 < NR: < 3000).

) The pictures on the third page indicate that tho
rotating flow is in the turbulent regime while the
non~rotating flow is in the transition regiwme

(3200 « NRz < 4200} .

4) The pictures on the last page indicate that the

rotating and non-rotating flows are in the turbulent
regime (Nl: > 5500).

All the hot~thermistor measurements leading to the curves
presented here were performed with the sensing element of the
probe located at the axis of the pipe. Similar information
(not shown here) was also obtained for other radial locations
of the genaing element (excluding the boundary layer). The
results indicate only a small shift of the curves of Fig., 19
toward lower values of Reynolds numbers. It is therefore
believed that the results obtained at the axis are adequate

to describe the transition phenomenon.

From curves such as those shown in Fig. 17, it was observed
that a high RMS value was measured at an axial Reynolds number
of approximately 450, and it was found that this phenomenorn is

independent of the tangential Reynolda number, Further
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Investigation revealed a distinct frequeacy on the oscilloscope.
The output signal under these conditions (NRz = 450) 1is shown in
Fig. 16 revealing a frequency of approximately 6.5 c.p.s. The
frequency was also measured using the octave bané analyzer and
the same result was obtained. No explanations are available at

present for this observed phenomenon,

C. Discussion of Results

The results presented in this chapter are concerned with
the flow field determination as well as investigsation of the
stability, Two different techniques were used to achieve
the results; one is dlagnostic and the cother is quantitative.
For the stability results the diagnostic approach is ounly used
to indicate the trend of the stability of flow in rotating pipes
and to confirm the results cbtained by the quantitative approach.

For mean flow measurement both approaches are of equal significance.

With regard to the flow field determination, several areas
were investigated., One of these concerns the existence of
reverged flow in the flow field. Thia area w:: investigated
only by means of the diagnostic flow visusiization technique and
the results obtained were found to agree with the analytical
investigation of Lavan et, 31?7 It is concluded from these
results that the flow field in the rotating pipe betweern the

porous plugs is free of reversed flow within the range of the

results of the present investigation.
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The results relevant to the tangential velocity profile,
obtained by the twu measurement techniques, are in agreement. It
should be noted that the dye streak visualization technique covers
the whole length of the pipe, while the hot-thermistor measurementcs
are performed at only one section of the pipe (the location at which
the stability measurements are performed)., From these results it is
concluded that the flow is in solid body rotation up to swirl ratios

of approximacely four.

The disgnostic technique does not contribute to the axial velocity
profile measurements except by providing some su»port to the data
provided by the quantitative technique. These results agree favor-
ably with results from similar cases (laminar and turbulent. velocity
profiles for the entrance region of circular pipes) quoted by Prandtl

42 41 43
et.al., Schlichting = and Goldstein. They also agree favorably with

the results obtained using hydrogen bubtbles which are presented in

Appendix C.

The results of the diagnostic dye streak observations are
presented here for two reasona. The first is to confirm the results
obtained by the quantitative hot-thermistor anemometry technique
since they both agree on the effect of rotation on the stability

of flow in rotating pipes. The second is to present a comparable

technique to the one used by WhiteSA and Cannon et.al?5 in a gimilar

investigation. The resu s in their investigation and the destabiliz-
ing effect of rotation on *ne stability of flow in rotating pipes as

glven in Fig. 15 are conrradictory.




Tae results uvbtained by the two different techniques used in
the present ianves. igation {see Fig. 15 and Fig. 19) are net in
complete agreement. This is believed to be due to the followilng

reasons:

1) The por~us plugs are known to introduce smgll scale eddies,
due to shedding from the porous face of the plug. These
eddies tend to affect the dye visualization data, since
the dve streaks are being observed a small distance dovn~
stream of the plug. These eddies die out within a short
axial distance du: to vis~ous effects and hence will not
affect the thermistor nrobe measurements. (The probe is
located about 19 pipe diameters downstream of the upstream

porous plug.)

2) Dye visualizsation experiments are performed in the single
pass mode, in which stable flow rates cannot be maintained
(see Chapter 1I.C.). The fluctuation of the flow rate is
believed to affect the dye streak data. Hot-thermistor
measurements are performed in the recirculating mode, iu
which stable flow rates are obtained.

Despite these discrepancies, the destabilizing effect of
rotation can still be determined from the dye streak data. The
opposite effect is concluded vy the similar investigation of White34
and Camnon et, 81?5 The results obtained using hydrogen bubb.es and

presented in Appendix C coufirm the stability results obtained usiag

dye streaks and thermistor anemometry.

The results obtained by the hot-thermistor measurements are
believed to be accurate. 1¢ should be pointed out that they agree
in trend with the results of the recenc analytical investigatiocns

by Pedley32 and Strohl%3
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CHAPTER IV

CONCLUSION AND RECOMMENDATION

Solid body rotatlon is found to have a destabilizing effect on
flow through pipes. The fiow field investigated consists of solid
body rotation superposed on an entrance type pipe flow profile. The
destabilizing effect of rotacion insrzased continuously with increasing
swirl ratios in the range investigated. The results obtained (see
Fig. 19) agree therefore in trend with results obtained analytically
by Pedley32 and Strohl33 who investigated a fully developed axial
profils at high swirl ratios. They found that in the limit of very
high rotation the flow will be unstable for axial Reynolds numbers
as low as 82.9. The present results suggest that the destabilizing
effect due to s0lid body rotation may also hold for other axial
velocity profiles and for the core of swirling flows in stationary
ducts and free vortices. t the operating conditions of the present
investigation solid body rotation was maintained up to swirl ratios
of tour: hence, this was the upper limit of the swirl ratios in-
vestigated, Two different measurement apprcaches are used; one is
diasgnostic and the other is quanritative. The diagnostic is the {iow
visualization technique using dye streaks and the quantitative is the
hot-thermistor anemometry technique, Both appreaches vield similar
results tor the breakdown of the laminar tlow. A limited (nvestipga-
tion of the flow tieid and the stability of the tlow was also oo
ducted using the hydrogen bubble visualization technique (sec Appendix
C). The results obtained agree favorably wich the resuits obrained

using the two other measurement approaches.
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White34 and Cannon et, al?5 investigated experimentally the
effect of rotation oa the stability of flow in pipes and concluded
that rotation is stsbilizing. The results cbtained in the present
investigation contradict their conclusioas, It is believed that
the cesults obtained by White are strongly influenced by reversed
fiow components that would indeed exist at the high swirl ratios
wsed in his investigation (see Lavan et. a1?7). The results of
Cannon et, 51?5 are subject to a similar criticism, since they
ovgerved & core region in their pipe thst was statiouary while

the pipe was votating.

The present investigation indicates a posgssible new mechanism
of confined flow instability that takes place at lower Reynolds

numbers than previously believed possible. This conclusion is

supported by the recent analytical works of Howard et. al%?
Ludwieg?6’27 Kiesslinggg Pedley?1’32 Strohl33 and Joseph et, 81}3

In view of the fundamental aspect of this work, it is therefore
suggested tc continue and extend the investigation., The main
objectives of the extension of the present studv are:

1) To create predictable axial velocity profiles and to

measure them precisely.

2) To generate higher swirl ratios while maintaining the

desired axial flow profiles unchanged.

3) To carefully analyze the disturbances in order to
compare them to the analyiical predictions and to

clearly idencify the structure of the disturbed flow.

&) To increase precision and accuracy in al! phases,
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In an attempt to meet these objectives, two better aand
more advanced flow visualization technliques for mean flow
measurements are presently considered; hydrogen bubbles and
thymal blue. Hydrogen bubbles have been successfully used by
Lenneman: ec, 311:4 in moderately rotating systems for quantita~
tive diagnostics. Bakeras intreduced a visual measurement
technique for small fluid velocities using thymal blue
(thymolsulphonephthalein). The thymal blue is simple to
use and since it remains in an ioun solution density difference
and centrifugal effects characteristic of hydrogen bubble

techniques are absent here,

In order to directly observe the wave patterns calculated
by Pedley32 and Strohl?3 a visualization technique utilizing
aluminum flakes is suggested. Ludwieg3o successfully used
such a technique to visualize the wave patterns in a similar
investigation. This technique may however, introduce some

problems with the porcous plugs.

Presently the use of more dense porous plugs is being
investigated., Such a modification may permit the extension
of the present investigation to higher values of swirl ratio.
Plugs made of 20% dense material are currently being inves-

tigated.

In order to create experimentally a fully developed axial
profile that will permit comparison with the investigations of

Pedley32 and Scrohl?3 two ideas are proposed. Pedley's31’32
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analysis is valid for the flow in a&n annulus with solid body
rotation at high swirl ratios. Thus, by introducing an inner
cylinder in the appseratus that rotates with the outer gipe, oune
can conveniently iavestigate such a flow, If the gap between
the pipe and cyliuder is of sufficiently small size, the flow

in the annulus will be fully developed within the length of the

apparatus.

The second possible method 1s to use contoured porous plugs in
order to obtain fully developed Hagen-Poiseuille flow. Such
an appreoach requires an extensive amount of work in investigating

porous media and shaping the porous plugs.

The use of glycerir as a working fluid is also under
congideration. This would permit the use of more sensitive
measuring elements, gince the mean flow velocities would be
higher for the same range of axial Raynolds numbers. This would
also make possible investigations st lower axial and tangential

Reynolds numbers.
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APPENDIX A

POROUS MEDIA

The mathematical model that leads to Darcy's law for flow
through porous media neglects inertia effects and considers
a multiplicity of identical cylindrical passages through the

porous medium.

|
{
).._......._._...._.. -

.
N

FIG, 20 MODEL OF POROUS MEDIA TO WHICH DARCY'S LAW IS APPLIED

Darcy's law applied to a porous volume element as shown in

Fig. 20 yields (see e.g., Strac:er“b)
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kKo |dB
Q - m [;L + pg &in i] Al

where Q 1ia the volumetric flow rate and dP/df 1s the static
pressure gradient in the direction of flow. This can be

generalized to be represented in terms of velocity components,

- _KoP
Vx & o A.2a
v = -Kg& A.2b
y H Ay

- K Jof
Vz m [Bz + pg] A.2c

where Vx, Vy and Vz are velocity components along x,y and =

and K is the permeability of the porous material.

The law thus shows that the pressure drop across a porous
medium is proportional to the flow velocity. Darcy's law is
applicable to porous media that do not consiat of identical
cylindrical passages, as long as the Reynoclds number based on
the effective particle diameter does not exceed unity. (The
effective particle diameter is the dimension of the basic
element in the porous material structure,) When this Reynolds
number exceeds unity, the inertia effects become non-negligible

and Darcy's law is no longer valid.

For the porous material used in the present investigation,
the Reynolds nunber based on the effective particle diameter is
found to be much larger than unity.
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4
Arthur?7Bern1cker‘8 and Hill49 present a more general

approach that is applicable to this situation. In general, one
may assume that a fluid (either compressible or incompressible)
flowing through a porous medium encounters two kinds of regis-

tance. They are:

1. Pressure drop across the porous medium due to the action

of shear stress. This can be expressed in the form,

dap
-.'c-l-;ﬂ auw Ao3

where « 12 the coefficient of shear resiatance.

2. A flow loss which is believed to be associated with
sudden expansions and contractions along the flow
passages and with the inertial effect at the turns
and bends of the channels. This source of losses
is not completely understood, It is usually expressed

in the form,
WL . sowW AL
where B 18 the coefficient of inertial and compressible

effecty,

By combining these two pressure loss terms, the following

general expressgion results:
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This expression can be rewritten in the form,

)

where A 1s called the friction length and is equal to  °
G is the mass flow rate per unit frontal area and is equal to
pW. One should note that within the present context «o and X\
define completely the permeability of a porous material inde-
pendently of the flowing fluid. Normally o and A (or «

and 8) as well as other properties are published by the

manufacturers of the porous material.

Since the friction length A, 1i8 of length units, we

define a Reynolds number

- M
NRK v

The general equation for the pressure drop across a porous

medium can therefore be expressed in the form

2 dP

where
2 o- —B
2 2
o Vv
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For an incompressible fluid passing through a given porous

materisal, *2 is constant.

8y comparing equations (A.5) and (A.7) it can be shown

that:

&) For NRA << 1 the viscous resiastance coefficient {g)

determines the pressure drop, i.e., the pressure drop
across the porous media is proportional the the flow

velocity.

b) For NRA >> 1 the coefficient of fnertial and

compressible effects (B) determines the pressure
drop, i.e.,, the pressure drop across the porous media

is proportional to the square of the flow velocity.

For the porous material used in the present investigation
neither o nor A are available from the manufecturers;
thus, an experimental determination was made. The results ere
shown in Fig. 21, where the pressure drop across one-inch of the
porous material is plotted versus the flow velocity on a logarithmic
scale., The range of flow velocities corresponds to the range of
axial Reynolds numbers from O to 5,000, The equation fitted to

this curve is
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c' = 3.66 x 107 Ib/ee?

and

B = 0.0293 1b/ft>

This result ehows that the pressure drop across the porous
material is proportional to the aquare of the velocity. This
leads to the conclusion that, within our operating range, NRX
for the material used, is always larger than unity. This result
could have been easily reached if the properties of this material

would have been known & priori.

Agsuming solid body rotation in the flow field, the radial

pressure difference can be expressed in the form

v2 2 2
o - L L
r 20D

where D 18 the pipe inside diameter and V 1is the tangential

velocity at this diameter. The axial pressure drop is

(AP - B) = C'N A.10

APz Rz

Dividing the two expressions we obtain

Ap 2 2
—r - ....JLE__ r A. 11
APz 2pD7C*
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where

wz
D

o’
"

-

Re

For water flowing across one-inch of the porous material at
room temperature, and with the outside diameter of the plug equal

to 3-1/4 inches, the above expreszion reduces to

0.006 T A.12

% |5

By using this simple relation, the range in which the pcrous
plug imparts solid body rotation to the fluid can be estimated.
{See Chaptrr II.A). The comparison with experimental results is

discuessed in Chapter III.A.
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AFPENDIX B

HOT-~-THERMISTOR ANEMOMETRY

Thermistors have been investigated ‘n the last ten years
for their potential applicaticn as sensing elements. These
investigations are mafnly concerned with their properties,
calibration and the possible areas of ugse, Thermistors are
oxide semi-conductors with high negative temperature coeffici-
ents of electrical resistance {(usually some combination of
di-valent and tri~valent oxides such as CuQ, NiO on one¢ side
and Mn203 and C0203 oun the other side). Lumley',sO Lane
et, al?1 and several other investigators contributed sub~
stantialily to these investigations. Pertinent information s
also published by the major thermistor manufacturers. However,
few publications deal withthe use of thermisitors in fluid
mechanics studies., This Appendix attempts to present a survey
of thermistors and their technoiogy; electrcaic circuity,

calibration procedure, and frequency response measurements, in

particular, are discussed.

The two most common working fluids used in the fluid-
mechanical experimental investigations are water aund aivr. The
differences between the two fluids which strongly affect the

choice of the sensing element used are:




i. Typical velnscities encounteved in air tend to be much

higber than those occurring in water.

2. Water rends to contsgin more impurities than air
since many foreign particles have very nearly
the same density and are, therefore, more diffi-~

culs to remove,

The zlectrical conductivity of water is much higher

w

than that of air.

For the above reasons, hot-wire anemometry, although very
succegsfully used in air, is not commonly used in water. Instead
the most frequently used sensing elements in water, and other
liquids, are hot-film probes, Some of the hot-film probe

materials are platinum or platinum alloys.

The principle of operation of both hot-thermistor and
hot=-film sensing elements is similar. If the gensing element
is immersed in a still fluid and a heating current is supplied,
it reaches thermal equilibrium with its environment when the
internal heat generation rate is equal to the heat traansfer
rate by natural convection to the surrounding fluid. When the
fluid is io motion, the sensing element temperature will drop,
owing to the higher heat transfer rate by forced convection
(the amount of drop being related to the fluid velocity).

This drop in tempersture will cause a change in the resistance

of the seunsing element.
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The above introduc‘ory remarks leal to the conclusicn that
a choice between hot-film anemometry and hot~thermistor ane-
mometry has to be made. Lumley?o in his inveatigation, preseats

a thorough comparison between the two types of sensing elements,

Lumleyso coinc ludes from hig investigation that thermistors
offer in water the possibility of spatisl resolution and noise
levels that are better by an order of magnitude than those
obtainable with platioum film probes, This is due to their large
resistivity and temperature coefficlent of electricalresistivity,
which are an order of magnitude larger than platinum, The
resistivity as a function of temperature (T) has been experi-

mentally found to be

To/T

where To is in the order of 2000°K to 5000°K and Rw varies

from one ohm to 75 megohms.,

In addition to the above adventages, thermistors have lower
density and smaller thermal ccenductivity than platinum. These
properties have dif. rent implications; one is the need to
insulate the probes. The most important consequence is the
limitation of frequency response. An attempt to overcome this
limitation using film deposition is presently in a development

50
stage (see, e.g.,, Lumley” ). This property though does not limit
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their use in sensing transition from laminar to turbulent
regimes. The probe usually consists of a thermistor bead
mounted on a short support, and the bead is encapsulated in
some insultaing material, such as glass. The probes are also
rugged, and their high electrical resistivity permite the use

of simple electronics,

Lane et,. 81?1 introduced hot-thermistor anemometry for low
velocity flow measurements. A method of calibrating the probes
iz explained in their work and the water temperature effect is
also investigated. They concluded that hot-thermistor anemometry
may be used to measure steady-state and transient velocities
in the range from 0.1 to 6 inches per second, and that individual
probe calibration 1s required., Except for measuring the response
to scep velocity changes, no attempt to measure frequency re-

sponses 1s reported.

Rotating systems introduce an additional problem in the use
of sensing elements like hot-films or thermistors., In order to
communicate the electric signals between the sensing eiement
and the other anemowmetry components, one may use brushes and
8lip rings. Since the brushes and slip rinygs intrnduce noise,
which 18 usually of a relat.v=ly high frequency, filtering is
required., The large resistance of the sernsing element makes the
filtering easier and requires less expensive brushes and slip

rings,
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Based on the above discussion, hot-thermistor anemometry
is chosen for the quantitative measurements in the present
investigation. The probes are to be operated in the constant
current mode, rather than the constant temperature mode, to
achieve a higher sensgitivity to velocity fluctuation and to

reduce the cost of the electronic circuitry.

The different components forming the constant cuv vent
hot ~thermistor anemometer unit used are shown in Fig. 22.
The 24-volt D.C, supply counsists of two 12-volt medium~sized
car b:tteries connected in series. The capacitance shown forms
an R-C filter for suppressing the noise from the slip rings
and brushes. The value of the resistance R used, is 4K ohm
for the stability measurements, and 48K ohm for the flow field
measurement. The reason for this is explained later in this

Appendix,

Four different types of thermistor probes are used; the
technical specifications of each are:

Probe 1. A GE thermistor (Cat. 81B 202) wirh the thermistor
bead of 0.043 inch maximum diameter encapsulated

in homemade insulation made of epoxy. (R0 = 2000 ohms)

Probe 2. A GE thermistor (Cat. 81G 202) with the thermistor
bead encapsulated in a glass rod of 0.100 .uch

maximum diameter. (RO = 2000 ohms)

Probe 3. A VECO thermistor probe (Cat. P32A129) with the
thermistor bead encapsulated in a glass rod of

0.060 inch maximum diameter. (Ro = 2000 ohms)
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Probe 4. A VECO thermistor probe (Cat., AZ31A70) with the

thermistor bead encapsulated in a glaas rod of

0.020 inch maximum diameter, (R0 = 1000 ohms)

All four probes are mounted at the ends of stainless steel
tubing of diameters ranging from 1/16 to 1/8 inch, The thermistor
connecting leads nass through the stainless steel tube. The
probes are mounted inside teflon seals inserted in the wall of
the pipe. The connecting leads of the thermistor are soldered

to the slip rings, (See Fig. 8 and Fig. 9a.)

All probes were calibrated and a typical calibration curve
is shown in Fig. 23. Probe 1 was the first probe to be used.
It was subsequently found that the calibration is strongly
dependent on the flow temperature. Furthermore, the A,C,
component of the thermistor output affects the accuracy of
reading the D,C., component, particularly in turbulent flow
regimes. Since temperature variations were observed when the
system was operating in a recirculating mode, (see Chapter II.C),

it was decided to use less seasitive probes.

Probe 2 and 3 meet this requirement., They have a very
low frequency response due to their size and therefcore the
fluctuation of the D,C, output is decreased. In addition, a
higher resistance (about 12 times larger) replaces the one

originally used in the anemometry circuit (with Probe 1).
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Since the resgistance is connected in series with the probe,
the small differences in the flow temperature, and hence the
probe resistance, are suppressed, In addition, a D.C. supply
unit (0.01% ripple) is used to replace the two car batteries.
The D,C. supply unit 1is operated at approximately 500 volts

to maintain the pocential difference applied to the thermistor

probe unchanged with the higher series resistance (48K ohm).

The size of the resistance used to replace the original
was carefully investigated so as not to affect the velocity
meagurements. Probe 2 and Probe 3 were then calibrated using
the new regsistance., Flow field measurements are successfully
performed after these modifications are introduced and the

results are pregsented in Chapter III.A.

For the final sta“ility measurements, Probe 4 was used
since the congideration is to obtain maximum frequency response
and the D.C. components is of secondary effecc. Heunce, the
smallest commercially available insulated probe was acquired
and the series resistance (R) is chosen to give maximum
frequency response. The resistance is selected sc that the
thermistor temperature at zero velocity is below the bofiling

point of the fluid.

The frequency response of all the probes is estimated by
using an octave band analyzer to monitor their output 1in turbulent

flow conditions., No attempt is made to measure the frequency
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response by any other means, since it is believed that the
results are satiafactory for indicating transition from laminar
to turbulent regimes, which ig the main purpose of this inves=-

tigation,

The cut-off frequency for Probe 1 is found to be approximately
five c¢.p.8., while for Probe 4 it is approximstely tem c.p.s. The
frequency response of the two other probes is almost an order of
magnitude lower than that of Probe 1 and Probe 4. [hese results
agree favorably with the preliminary calculations based on the

probe properties.
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APPENDIX C

HYDROGEN BUBBLES

A technique of flow visualization ia water was i{introduced in
the early part of the last decade, This technique is performed by
using a fine wire as one end of a B0, circult to electrolize water.
The technique is usually callad “the uydrogen bubble visuelization
technique,” since a negacive voltage 18 weually used in che flow
field to introduce hydrogen bubbles. {(Oxvgen bubbles from the
positive electrode may alsc be used, but the hydrogen is usually
preferred, since the volume of the hydrogen generated is twice as
much for a given current.) The other end of the D.C, circuit ia

located somewhere else in the water tunnel.

In using the hydrogen bubble technique, one has a great
number of possibilities which, if employed correctly, can result
in obtaining three dimensional as well as transient information
about the flow. In addition, quantitstive information can be
obtained if the fluid flow wisualization is recorded wn still
photographs or movies. Recently the hydrogen bubble techuique
was also extended to be used {n other working fluids such as

glycerin-water mixtures.

A straight wire in the flow field will produce a sheet of

bubbles. If the same¢ wire i8 supplied with a pulsed current the

Ha




determination of one-dimensional velocity fields becomes poasible.

A wire that is insulated at intervals of 1its span wili produce
streak lines which can be used for flow visualization. A more
convenient way of deing the same thing {8 by using a kinked wire.

By using such a wire and orienting the kinks in the directicn of the
flow, the bubbles will be swept only at the peaks of the kinks. The
use of kinked (Qr intervally insulated wires) with pulsed current
will produce what is called combined-time~streak markers. Such
markers can be used to determine the atream lines as well as the

velocity field,

1. Apparatus

A D.C. power supply, capable of supplying up to 500 volts
and up to 0,100 amp, is used. Two probes were constructed from
1/4-inch stainless steel tubing. The probes are shaped in the
form of an "h" with a wire span of six inches. The probes were
then completely insulated with electrical insulating tape. A
0.0015 inch platinum=-10% rhodium annealed wire was then silver
soldered to the prongs of the probe. The prongs were then in-
sulated with RTV. A 0.004 inch wire made of the same waterial was
kinked using a gear and rack of small size (approximately 1/16 inch
pitch) and was then mounted on the other probe in a manner similar

to the first one.
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Three 500 watt flood lamps were used for lighting. A dark

background was introduced for better wvisibility of the bubbles.

To puise the supply current the microswitch and gear pulley

used to measure the rotational speed of the pipe are used,

Since it was observed that the wires tend to produce large
size bubbles after a period of operation has elapsed, different
methods were used to remove the large bubbles from the wire.
The wethod that was found to ve most effective is reversing the
polarity of the wire. Based on this, it was decided 1o use the
other probe in place of the positive electrode and hence to be

able to clean the probes by using them alternarely.

The probe used is then placed in such a way as to have the
wire stretched across the horizontal diameter of the rotating
pipe at its exit plane in the open tank. Movies and still photu-

graphs are used to record aund study the flow field.

2. Experimental Results

The straight wire was used with a pulsed current to wisually
determine the velocity profile, Photographs such as the one shown
in Fig, 24, taken while using this technique, are then studied
quantitatively. It was observed that the axial mean velocity
prorile is independent of rotation up to a swirl ratio of approxi=-
wmately four. The results obtained agree favorably with the oneo

measured with the hot-thermistor anemowmetry.
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Hydrogen bubbles were also used to determine the transition

from laminar to turbvlent flow regimes. Tle kinked wire was used
in this group of experiments to produce streak lines in the flow
field, Figure 25 shows a series of photographs takem in the course
of these experiments. The agreement of these results with the hot-
thermistor anemometry and dye streaks visualization is found to be

very satisfactory.
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