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ABSTRACT

An experimental apparatus to measure convective fluid flow in 

centrifugal fields was designed, constructed and tested. The essen

tial elements of the apparatus were a natural convective heat transfer 

loop that was rotated about a horizontal axis in a centrifuge. Pre

liminary convective flow experiments indicate that two-phase convective 

fluid flow is possible in the presence of centrifugal and Coriolis 

accelerations.
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INTRODUCTION

Space travel will depend, among other things, on the available 

electrical power. For long missions at high power the best source of 

electricity is nuclear power. Elliott (Elliott, 1961) prepared a 

study of a space electrical power system using nuclear heat and a mag

net ohy dr odynamic (MHD) cycle in which he circumvented the problem of a 

high temperature gas, normally associated with MHD systems, by using 

two fluids. One fluid would be a thermodynamic fluid for the thermal- 

to-kinetic conversion and the other a conducting liquid for the kinetic- 

to-electrical conversion. The two fluids must be insoluble in one 

another, since, solubility would decrease the vapor pressure and there

fore increase the boiling point.

Figure 1 shows the essential components and layout of one sys

tem proposed by Elliott, In the vapor loop the thermodynamic fluid 

enters the reactor, vaporizes, mixes with the working liquid in the 

mixer, expands through the nozzle, separates from the liquid, condenses 

in the radiator and returns to the reactor through a nonrotating elec

tromagnetic pump. In the working liquid loop the liquid mixes with the 

vapor from the reactor, is accelerated in a nozzle, separates from the 

vapor in the separator, leaves the separator with a high velocity, con

verts kinetic energy to electrical energy in the MHD generator, and 

returns to the mixer through a diffuser.

Ulrich and Carter (Ulrich, 1963) studied a space MHD system 

similar to Elliott11 s. The major difference was that Ulrich and Carter
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Figure 1. Two-Fluid MHD Conversion Cycle (Elliott, 1961)



replaced the electromagnetic pump and nozzle with a natural convective 

flow system. Their concept envisioned rotating the entire system. The 

rotation would produce a centrifugal acceleration which for the rotat

ing system would form an artificial gravity. This artificial gravity 

would permit natural convective flow to take place in space where there 

is no subjective gravitational field. The essential components of their 

concept are shown in Fig. 2. The mixture of the thermodynamic and work

ing fluids are heated in the reactor. The thermodynamic fluid is changed 

to vapor. The mixture rises in the low density leg. Flow of the mix

ture is caused by the difference in density between the two legs. The 

vapor is separated from the liquid in the separator. The vapor is 

changed to a liquid in the condenser and the heat is rejected through 

a radiator. The working fluid flows through the high density leg to 

the MHD generator where it gives up energy to the production of elec

tricity. The working and thermodynamic fluids are mixed and the process 

is repeated. The rotation of the power system would be obtained by 

placing it on the outside of the vehicle covering as shown in Fig. 3.

When the vehicle is in space, tangential rockets are fired to start the 

rotational motion (Ulrich, 1964).

The concept developed by Carter and Ulrich raises several ques

tions concerning convective two-phase flow in the low density leg of 

the system since the flow will be acted upon by both centrifugal and 

Coriolis forces. Another question is, will generation of electrical 

energy extract some of the rotational energy from the system? Experi

mentation is needed to answer these questions. The subject of this
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thesis is the design, construction and testing of an experimental 

apparatus to measure convective fluid flow in centrifugal fields.



THEORY

The general principles of natural convective heat transfer and 

Coriolis acceleration, as they relate to fluid flow under temperature 

gradients, will be discussed. The theory of convective heat transfer is 

only partially developed, but has provided correlations to apply the 

general principles of convection to specific situations. The discussion 

will be limited to that needed for an analysis of the experimental data.

Consider a solid at one temperature placed in a fluid at another 

temperature. Heat is transmitted between the surfaces of the solid and 

the fluid by conduction. If the solid is at a higher temperature than 

the fluid, the fluid surrounding the solid will be heated and its dens

ity decreased in most cases. The decrease in density causes the lighter 

fluid to rise and be replaced by cooler fluid. This process of heat 

transfer is called convection. Convective heat transfer may be defined 

as the transfer of heat by fluid flow. If the fluid flow is caused by 

differences in density alone, it is called natural convection, but if 

the fluid flow is aided, it is called forced convection. Convection is 

most important as the mechanism of heat transfer between a solid surface 

and a fluid (Kreith, 1958).

The change in the rate of convective heat transfer with respect 

to temperature is

“ -hA (1)

where q is the heat transfer rate, T the temperature, h the coefficient
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of convective heat transfer excluding any radiation, and A the area 

through which the heat is flowing. The negative sign indicates that 

heat flows from the hotter region to the cooler. It can be seen from 

Eq. (1) that, if the area remains constant, the heat transfer coeffici

ent is a function of the temperature. The heat transfer coefficient is 

a function not only of the temperature but of other parameters among 

which are fluid velocity, surface roughness, pressure, thermal conduc

tivity, specific heat, viscosity, and flow-channel geometry.

Convective heat transfer is a function of the fluid flow and 

is, therefore, described by the laws of fluid mechanics. As stated 

earlier, in natural convection the flow of the fluid is caused by dif

ferences in density. If fluid and heated surfaces are contained in a 

closed loop containing a heat sink, the differences in density cause 

pressure gradients in the loop. The pressure at a given point in a 

fluid can be expressed by the following equation:

P = pgd (2)

where p is the pressure, p the density, g the acceleration due to grav

ity, and d the distance from the top of the fluid to the point in ques

tion (Faires, 1962). The pressure gradient within the closed loop is 

the driving force for natural convective fluid flow. There will be a 

fluid velocity associated with the pressure gradient. In a closed loop 

in which mass is neither added nor removed, a mass flow continuity 

equation may be written. The equation states

^l^l^l 52 |:)2a2V2 23 m 22 constant (3)



where a is the cross-sectiona1 area of the fluid; v is the mean velocity 

over the area a and m is the mass flow rate (Murphy, 1952). The value 

of the mass flow rate for a given system may be obtained by writing a 

heat balance for the system. This balance in equation form is

q 88 mAH (4)

where AH is the change in the enthalpy of the fluid as it moves past 

the heated surface or the heat sink, assuming there are no heat losses 

in the system except at the sink (El-Wakil, 1962). Combining Eqs. (3) 

and (4), the following equation for the fluid velocity at a given point 

is obtained:

V1 ■ . (5)

Newton5 s laws of motion are defined with reference to a Newton

ian or inertial reference system. Such a reference system is fixed in 

space and does not move. Consider a frame of reference rotating about 

a given point with respect to an inertial reference system. Newton1s 

second law of motion cannot be applied directly to the rotating system. 

If an observer in the rotating system insists on writing force as mass ■ 

times acceleration, even though it is not in his non-inertial system, 

he can obtain an equation for an effective force which relates the force 

in his non-inertial system to the forces in the inertial system. The 

equation for the effective force is
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where F is the force in the inertial system, m is the mass of the par

ticle, w is the angular velocity of the rotating system, vr is the ve

locity of a particle in the rotating system, and r is the radius vector 

from the origin of the rotating system to the particle (see Appendix 

for derivation of this equation). The terra 2raw x v^ is called the 

Coriolis force and raw x (w x r) is called the centrifugal force. The 

term 2 co x vr is the Coriolis acceleration. It will be noted that the 

Coriolis acceleration will always be perpendicular to both w and vr 

(Wangsness, 1963).



CONSIDERATIONS IN EXPERIMENTAL DESIGN

The problem was to design, construct and test an experimental 

apparatus to measure convective flow and related variables in rotating 

loops. The loop consists of a heat source, heat sink, and devices for 

measuring experimental variables.

There are many variables associated with convective fluid flow, 

but the variable of primary importance in this study is the fluid veloc

ity obtainable with a given heat input and the effect of the Coriolis 

and centrifugal accelerations on two-phase flow. The other variables 

which must be considered are the centrifugal acceleration, amount of 

heat added to the system, and the amount of heat removed. Operation 

near the boiling point is essential to achieve maximum density changes.

A literature search was conducted to determine if previous work 

had been done in this field. No references were found concerning con

vective fluid flow in varying centrifugal fields. A limited amount of 

work has been done with pool boiling at various gravitational accelera

tions from 0 to 100 g*s. While the results of the pool boiling experi

ments have limited application to the design of this experiment, they 

are considered.

Siegel and Usiskin (Siegel and Usiskin, 1959) conducted experi

ments in which the pool was dropped from a height of nine feet to obtain 

information about pool boiling at zero gravitational acceleration. A 

heater external to the pool kept the pool temperature near the satura

tion point. Boiling was accomplished by means of a heated ribbon placed

11
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both in horizontal and vertical positions. At zero gravity, the vapor 

remained adjacent to the heating surface and there was no evidence of 

the bubbles being pushed away as they formed. The apparatus was slight

ly modified and experiments conducted in which the gravitational field 

varied from 0 to 1 g. These experiments determined that the velocity 

of freely rising bubbles and the critical heat flux increased with in

creased gravitational acceleration. Critical heat flux was defined as 

the heat flux at which the heater within the pool failed by melting.

It was also found that the diameter of the bubbles at detachment de

creased as the gravitational acceleration increased (Usiskin and Siegel, 

1961).

Merte and Clark (Merte and Clark, 1961) studied pool boiling in 

an accelerating system. They used a rotating system and obtained cen

trifugal accelerations from 1 to 21 grs. They used a flat cylindrical 

heater insulated so that only one surface was heated. The heater was 

located at the bottom of the pool and the heated surface was always nor

mal to the acceleration. They found that the values of the heat trans

fer coefficient increased with increases in the centrifugal acceleration 

for values of heat flux below 50,000 Btu/hr, sq. ft. Above 50,000 Btu/hr, 

sq. ft. the heat transfer coefficient decreased with increasing centri

fugal acceleration. The maximum value of heat flux used was 100,000 

Btu/hr, sq. ft.

Pool boiling in centrifugal fields from 20 to 45 g9s was inves

tigated by Costello and Tuthill (Costello and Tuthill, 1961), Their 

experimental apparatus consisted of a pool rotating about a vertical
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axis, A vertical strip heater, offset from the center of rotation, was 

used. The heat flux was varied from 100,000 to 200,000 Btu/hr, sq ft.

The high centrifugal accelerations had a definite effect on the bubbles 

along the heater surface. The bubbles left the vicinity of the heater 

with higher velocity but smaller in diameter than with the pool station

ary, They found that the value of the heat transfer coefficient decreas

ed with increasing centrifugal acceleration.

Costello and Adams (Costello and Adams, 1963) also conducted ex

periments in which a pool was rotated about a vertical axis. Centrifugal 

accelerations from 1 to 100 gfls were obtained. The effect of Coriolis 

acceleration on peak heat flux was studied using flat plate heaters, the 

orientation of which was varied through 360°. Peak heat flux was defined 

as the heat required to have a vapor film stabilize on the heater surface. 

They determined that the Coriolis acceleration did not effect the peak 

heat flux. The effect of centrifugal acceleration on peak heat flux was 

also studied for various heater shapes (cylinders, semicylinders and 

flat plates) mounted vertically in the pool. The peak heat varied from 

approximately 400,000 to 1,000,000 Btu/hr, sq ft. They found that the 

peak heat flux increased with increasing centrifugal acceleration.

In these experiments the critical or peak heat flux and bubble 

velocity increased with increasing centrifugal acceleration from 0 to 

100 g* s while bubble diameter decreased. The values of the heat trans

fer coefficient for a given heat flux decreases as the centrifugal 

acceleration increases from 1 to 45 g*s. This is true for values of 

heat flux in excess of 50,000 Btu/hr, sq ft. They found that the Corio

lis acceleration did not effect the critical or peak heat flux.
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The changes in bubble size and velocity noted in the pool 

boiling experiments will be of interest in this experiment as similar 

results can be expected. Therefore, provision was made to observe the 

heated section of the loop.

Once the variables had been defined, methods of measuring them 

were determined. At the time this project was started, there was no 

known fluid flow meter that was insensitive to temperature, temperature 

gradients, and gravitational acceleration. Concurrent with the develop

ment of this apparatus, a fluid flow meter was developed which is insensi

tive to gravity, temperature and fluid conductivity (Satchell, 1965).

Since this meter was not available at the time of these experiments, it 

was necessary to determine the convective flow velocity in another way.

The velocity was determined by means of a heat balance. Thermocouples 

were selected as the measuring device because of their simplicity and 

reliability.

Before going further in determining parameters.to be measured, it 

was necessary to decide the type of heater and heat sink to be used. Elec

trical resistance heating was used♦ Heat removal could be accomplished 

by passing air over cooling coils, by placing ’’dry ice11 or liquid oxygen 

or liquid nitrogen in a jacket around a cooling section, or by passing 

a continuous stream of cooling water around a cooling section of the 

loop. The use of air made the measurement of the heat removed from the 

system all but impossible. If Mdry ice" or liquid nitrogen or liquid 

oxygen was used, there would be no way to vary the heat removed from the 

system during an experiment. The apparatus was designed with water for 

cooling.
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The input heat is determined by measuring the voltage drop across 

the heater and the current to the heater. The power to the heater in 

watts is:

P “ E I (7)

where P is the power in watts, E the voltage in volts, and I the current 

in amperes. The power in watts can be converted to heat input in

Btu/hr, The rejected heat is determined by measuring the cooling

water flow rate and the change in temperature of the cooling water enter

ing and leaving the cooling chamber.

The remaining variables to be investigated are centrifugal accel

eration and pressure garadient. The centrifugal acceleration is deter

mined by measuring the rotational speed and calculating the centrifugal 

acceleration by the following equation:

ac = rtA)̂ (8)

where ac is the centrifugal acceleration, r is the distance from the 

axis of rotation to the point being investigated, and w is the angular 

speed in rad/sec. The rotational speed can be measured by a tachometer, 

stroboscope or a speed transducer connected to an oscilloscope. A 

stroboscope was incorporated in the design. The pressure gradient in 

the loop was determined by measuring the pressures at two points in the 

loop using pressure gauges.

The effect of the Coriolis acceleration on the fluid velocity 

may be evaluated by a comparison technique. The parameters of interest 

in this comparison are p, g, and d . If a static convective flow loop
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is designed so that the product of p ; g , and d in the static and 

rotating loops is the same, the comparison of the flow rates will pro

vide a means of evaluating the effect of the Goriolis acceleration in 

determining flow rates. Since g is not constant at various positions 

in the rotating loop, the product of p , g , and d must be found 

using the following equation:

where r^ is the distance from the axis of rotation to the nearest point 

of the loop and is the distance to d.

power into the system for the heater and to read thermocouple voltages 

is required. Rotating seals must be used to pass the cooling water in 

and out of the rotating loop. These seals must have a minimum of two 

separate channels, one for the water entering the system and one for 

the water leaving.

For the flow loop to be effective in determining the effect of 

the Goriolis acceleration,on convective fluid flow in varying centri

fugal fields, the loop must lie in a plane containing the axis of rota

tion. Also, the entire loop must lie on one side of the axis of rota

tion. This requires a counterbalance, A fixed weight counterbalance 

could be used if it were not for the fact that as the fluid in the loop 

is heated it changes density giving rise to dynamic balance problems,

The problem of static and dynamic balance was solved by using two ident

ical loops. Both loops were in the same plane which also contained the

(9)

Some type of slip ring or commutator assembly to pass electrical
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axis of rotation and the loops were on opposite sides of the axis of 

rotation.

Versatility was considered throughout the design of the experi

mental apparatus. While the apparatus was designed to measure fluid 

flow in a centrifugal field at atmospheric pressure, consideration was 

given to measuring other parameters of interest. Such parameters include 

heat transfer coefficients, burnout heat flux, bubble growth, disengage

ment and velocity, and the effects of heater and sink location. There

fore, the convective loop was designed so that components within the 

loop can be rearranged with relative ease and at least the section of 

the loop containing the heater was made of glass so that the effects of 

the heater and gravity on two-phase flow can be observed.



MECHANICAL COMPONENTS

The design, construction and testing of the mechanical compo

nents of the experimental apparatus will be discussed in this section. 

The mechanical components to be discussed are: the centrifuge support 

and enclosure, power train, pressure gauges, static and rotating con

vective loops, and the rotating fluid seals.

Figure 4 is a drawing of the centrifuge support and enclosure. 

The structural frame is made from structural steel channel, and one 

quarter inch sheet steel was used for the enclosure. With the excep

tion of approximately four welded connections on minor parts, the en

tire structure is bolted together. Bolts allow the structure to be 

dismantled and moved from one location to another. Motor mounts and 

bearings are provided so that an axis of rotation in either the hori

zontal or vertical plane may be used.

The power requirements for the rotating system were analyzed 

and an electric motor-driven variable speed drive was selected. The 

drive, a Zero-Max, model 10U V 400 M, is capable of rotational speeds 

from zero to 400 revolutions per minute and it has a rated, torque cap

ability ot 100 inch-pounds. To insure positive applications of torque 

between the variable speed drive and the one inch diameter steel shaft, 

a chain drive was used. Gears for the variable speed drive and the 

drive shaft were selected to provide a three to one increase in speed 

of the shaft over the drive. Therefore, the maximum speed of the shaft 

is 1200 revolutions per minute. The drive shaft is held in place by

18
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two bearings mounted on the motor housing (see Fig. 4). Figure 5 shows 

the mechanical synchronization contactor, the chain drive, the drive 

shaft, and the electric motor and variable speed drive which are housed 

as one unit. The drive shaft passes through the enclosure and terminates 

in an eight and one-half inch diameter bearing plate. The support frame 

for the rotating loops is mounted on the bearing plate. The support 

frame, constructed from aluminum channel, is 18 by 24 in, in size. As 

can be seen, the rotating loop frame is cantilevered at the end of the 

drive shaft. Figure 6 shows the bearing plate, rotating loop frame, and 

a portion of the enclosure.

Pressure gauges were selected to measure the pressure gradient 

across the heated section of the loop. Bourdon and diaphragm type gauges 

were tested to determine the effect of the centrifugal acceleration on 

their operation. (Gruca, 1965) . During the conduct of the test the 

gauges were oriented in each of the three coordinate directions with 

respect to a coordinate origin located at the intersection of the drive 

shaft and bearing plate. The tests revealed that even for the most in

sensitive orientation the diaphragm gauges were very sensitive to low 

values of centrifugal acceleration. The bourdon gauge tests revealed 

that with the gauges oriented as shown in Fig. 7, they could be used in 

gravitational fields up to approximately 80 gffs.

Both the static and the rotating loops were constructed of one-

half inch diameter commerical glass pipe. Glass pipe was used to pro

vide visibility in the loop so that the fluid flow could be observed. 

Figure 8 shows a schematic of the static loop,. The heat exchanger was

a cold finger that was inserted into the convective flow channel.



Figure 5. Variable Speed Drive

Figure 6. Rotating Loop Frame



Figure 7. Most Insensitive Bourdon Gauge Orientation
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To assure continuous immersion, even with oscillating fluid

flow in the loop, the heater was placed in a six and one-half inch

length of three inch diameter glass pipe. The input heat to the sys

tem was determined by measuring the current flow to the heater and the 

voltage drop across the heater. The cooling water flow rate was meas

ured by means of a rotameter. Distilled water was used in the static 

loop. A linear flow velocity of approximately 165 ft/min has been ob

tained in the static loop. This velocity was obtained by a two-phase 

system of steam and water consisting of equal volumes of water and 

steam. Table 1 gives the data from which this velocity was calculated. 

There are no pressure readings as the pressure gauges were not installed 

at the time these readings were taken. The appearance of the flow as it

turned at the upper right corner of the loop is shown in Fig. 9.

Table I 

Flow in Static Loop

Heat Input

Cooling Water Flow Rate 

Thermocouple Readings 

Thermocouple Number 

1 

2

3

4

5

6

642 watts 

.056 gallons per minute

Reading 

98° C 

101° c

65° C 

100° C 
30° C 

97° C
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Figure 9. Static Loop Flow Pattern



26

Figure 10 shows a schematic of one of the rotating loops.

Figure 11 shows the loops mounted in the aluminum frame. It was neces

sary to fill the loops while the system was rotating. Therefore, a 

solenoid valve was attached to the heat exchanger cooling water entry 

line so that the loop could be filled. Another solenoid valve was 

placed in the loop so that water could be drained from the loop if de

sired. The counterflow heat exchanger consisted of two concentric tubes. 

The convective fluid flowed through the inner tube and the cooling water 

through the annulus formed between the inner and outer tubes. This type 

of heat exchanger was used because it is the type that will probably be 

used in space applications, since it has the advantage of lighter weight 

than the exchanger in which the coolant flows through a center channel 

and the fluid flows around it. A surge tank was provided to dampen os

cillations in the convective flow and permit atmospheric access. Dis

tilled water was used for the coolant and the convective fluid.

Three rotating fluid seals were needed because measurement of 

mass flow to each loop required two inlet lines, with a common return. 

Figure 12 is a cutaway view of the seals and Fig. 13 is a photograph of 

them. As can be seen from the cutaway view, the three flow pipes are 

concentric. The two innermost pipes are copper and the outer pipe is 

stainless steel. Steel was used for the outer pipe because it supports 

the load of the rotating seals. The outer pipe is also the shaft for the 

slip rings. (The slip rings will be discussed in the next section.) A 

glass blower * s rotating elbow is attached to the innermost pipe; the other 

seals are teflon "O" rings. Teflon was used since it is self-lubricating. 

Ball bearings were used to maintain alignment. Retaining rings were placed
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Figure 11. Rotating Loops
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Figure 13. Rotating Fluid Seals



at each end of the seals to prevent axial-linear movement when pressure 

was applied to the lines. Both static and rotating tests were conducted 

on the seals. They withstood water pressure of approximately 100 pounds 

per square inch and a rotational speed of 185 rpm corresponding to 10.2gc 

at a distance of 10.5 in. from the axis of rotation. The three concen

tric pipes leading from the rotating seals terminated in a mounting 

plate that is bolted to the outside of the loop frame. Figure 14 is a 

cutaway view of the mounting plate.
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ELECTRICAL COMPONENTS

The major electrical components of the experimental apparatus 

will be discussed in this section. These components are: heaters,

thermocouples, slip rings and brushes, and a stroboscope.

The heater used in the static loop is a commercial immersion 

type heater rated at 750 watts. The heater design for the rotating 

loop is a ceramic insulated, stainless steel clad type. Heaters were 

fabricated by the author♦ Figure 15 shows a diagram of the heater 

construction and a photograph of the completed heater. The ceramic 

filler was mixed from a powder and a liquid which hardened by a chemi

cal process without gas evolution. The cladding was vibrated while 

the liquid ceramic filler was placed around the heating element to 

insure absence of air gaps between the heating element and the cladding. 

The ceramic filler was tested and found satisfactory up to temperatures 

of approximately 850°C.

Brush noise and stray thermal potentials were considered in 

designing the slip ring and brush assembly. The brush contact noise 

is a function of the current in the circuit. If a potentiometer was 

used to measure the thermocouple voltage, there will be a minimum of 

current flow and, therefore, little or no contact noise. If the 

brushes and rings are of different material and at different tempera

tures, a voltage will be generated as a result of the Seebeck effect.

If different metals are used, the brushes and rings should be of 

such size so that any heat generated at their junction would be
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rapidly dissipated, and temperature gradients minimized. Copper was se-r 

lected for the rings and brass for the brushes. These metals were select

ed because a hard soft metal combination should give the best wear charac

teristics. The rings are one and one-half inches in diameter and one-half 

inch wide. They are mounted on a seven-eighths inch outside diameter 

shaft. The rings were insulated from the shaft and from each other by pla

stic. The brushes are made from 1/32 half-hard brass shim stock. To in

sure positive alignment of the brushes and the rings, the brush sub-assem

bly was mounted to the slip ring shaft by means of ball bearing joints.

A test brush and slip ring assembly was constructed and tested.

A voltage ranging from zero to 10 millivolts taken from a potentiometer 

(Leeds and Northrup, No. 8687) was placed on two of the rings. The 

voltage was removed on two other rings and read on a Westronics single 

channel strip chart recorder model, No. M11A/U/1M. During the tests,

7 amperes alternating current passed through two additional brushes to 

the static loop heater. The potential drop across the heater was 100 

volts. The assembly was rotated at 258 rpm during the tests. The errors 

between the voltages set on the potentiometer and read on the recorder 

were within the accuracy of the instruments. Figure 16 shows the test 

apparatus arrangement.

The brush and slip ring assembly used in the convective flow ex

perimental apparatus contained 20 brushes. This assembly was construct

ed in the same manner as the test assembly except that the shaft for the 

brushes was the stainless steel cooling water pipe discussed in the last 

section. Figure 17 shows the completed slip ring and brush assembly.
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Figure 16. Brush and Slip Ring Assembly Test Apparatus
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Iron-consfcantan thermocouples made from Minneapolis-Honeywell 

Company thermocouple wire by mercury welding were used throughout the 

system. Iron-constantan was selected because it is readily available 

and has good response to temperature changes in the range of interest. 

The thermocouples are connected through a rotatory selector switch to 

a Westronics single channel recorder model number M11A/U/1M.

A General Radio Corporation strobotac, type 1531-A, was used 

to measure the rotational speed and observe the loop while rotating.

To provide mechanical synchronization so that specific parts of the 

loop could be observed while rotating, an external mechanical synchro

nization contactor for the strobotac was used. The mechanical syn

chronization contactor consisted of two micro-switches placed on the 

drive shaft. The switches were mounted so that their position, and. 

the resulting points at which the light flashed, could be changed 

with respect to the loop position. Figure 18 shows the mechanical 

synchronization contactor mounted on the drive shaft.
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Figure 17. Brush and .Slip Ring Assembly

Figure 18. Mechanical Synchronization Contactor



SYSTEM TEST

The components discussed in the previous sections were assembled. 

Figure 19 shows the rotating loops, and slip ring and brush assembly 

mounted together. Figure 20 shows two views of the experimental appara

tus ready to operate. The distilled water required both for cooling and 

to fill the loops was stored in a 20-gallon polyethylene reservoir. Two 

Gorman-Rupp Industries oscillating pumps were used to pump the water from 

the reservoir through two rotameters to the inlets of the rotating fluid 

seals♦

The experimental apparatus was rotated at 185 rpm. This speed 

developed a centrifugal acceleration of 10.2 gfs at the center line of 

the peripheral leg (Fig. 10) which is 10,5 in. from the axis of rota

tion. This speed was obtained with no problems. At speeds above this 

a vibration was noted in the enclosure. It is believed that this vi

bration can be removed by strengthening the mounts for the drive shaft 

and improving the alignment of the rotating loop frame and the slip ring 

and brush assembly.

One experiment was conducted at a centrifugal acceleration of 

10.2 g*s. The data from this experiment are shown in Table II, From 

these data a calculated flow velocity of 10,25 ft/min was obtained. The 

loops were not insulated during this run and therefore, heat was lost 

to the air as the water flowed through the loop. A foam-in-place plastic 

compound will be used to insulate the loops. The fluid leaving the heated 

section was composed of approximately equal volumes of water and steam.
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Figure 19. Rotating Loops and Brush and Slip Ring Assembly
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Figure 20. Completed Assembly



Table II 

Flow in Rotating Loop

Heat Input 585 watts

Cooling Water Flow Rate ■ .0265 gallons per minute

Thermocouple Readings

Thermocouple Number and Location Reading

1 Heater inlet 51°

2 Heater outlet 95°

3 Cooled water 63°

5 Cooling water in 32°

6 Cooling water out 40°

No decoupling or separation of vapor and liquid were observed. 

A gentle spiraling was observed.



SUMMARY

An experimental apparatus to measure convective fluid flow in 

centrifugal fields has been designed, constructed and tested. The con

siderations in the experimental design, and the design, construction 

and testing of the various components are discussed within this thesis. 

The system” s test showed that two-phase convective fluid flow in cen

trifugal fields is not retarded by phase separation by Coriolis force.

The next phase consists of exploratory experiments to define 

operating characteristics. Planned experiments include quantitative 

measurements of fluid velocity at various values of centrifugal accel

eration and heat flux, and similar measurements with the heater rotat

ed 90° so that it is in the peripheral leg.
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APPENDIX

Derivation of Equation for Effective Force 
in Non-Inertial Reference

Consider two coordinate reference systems. One system is an

inertia 1 or fixed system and the other is rotating with an angular

velocity w . Let r be the position vector of a point p. If the point 

p is stationary with respect to the rotating system, it has a velocity

with respect to the inertia 1 system given by

vT = to x r . (1)

If p is moving, it has a velocity vr with respect to the rotating sys

tem. The velocity of the moving point p with respect to the inertial 

system is

vi ® vr -P vT

Vj_ S3 vr -!- Lu x r . (2)

The acceleration of p with respect to the inertial system may

be obtained as follows;

i r

ai ^ d"t + ^ x r>Jr + w x (vr + w x r)

dv̂
dt I * “ x vi
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5
dt -f w x dr

dt + 0) x vr + u) x (co x r)
/ r

ai s aT 2u) x La x (w x r). (3)

Newton8 s second law of motion, which is true only in the 

inertial system, is given by

F = man (4)

Let an effective force in the rotating coordinate system be defined 

by

Feff " mar (5)

The effective force may be related to the actual force as shown 

be low:

x (go x r) JF rr 23 VLB ̂ = HI ] 3 . - 2C0 eff r u i x v r - GJ

Fe££ = mar =3 F -2m go x v - mw x (w x r) (6)

(Wangsness, 1963)



GLOSSARY

A Area through which heat is flowing

a Cross-sectional area

ac Centrifuga1 accelerat ion

Acceleration in an inertial reference 

ar Acceleration in a non-inertia 1 system

d Distance from the top of a fluid to a point within the fluid

F Force in an inertial system

Feff Force in a non-inertia 1 system 

g Acceleration due to gravity

H Enthalpy

h Coefficient of heat transfer excluding radiation

I Current

m Mass of a particle

m Mass flow rate

P Electrical power in watts

p Pressure

q Heat transfer rate

r Distance from the axis of rotation to the point being

investigated 

r Radius vector

T Temperature

V Voltage
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v Fluid velocity

Velocity in an inertial reference system 

vr Velocity in a non-inertial reference system

Vrp Tangential velocity

p Density

to Angular speed

U) Angular velocity
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