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Abstract

An experimental study con®rmed that viscous dissipation energy generated by closely spaced discs, one of which

is rotated at high speed, could be used to heat viscous ¯uids. The rate of viscous dissipation energy generated can
be accurately predicted using simple theoretical methods. # 2000 Published by Elsevier Science Ltd. All rights
reserved.

1. Introduction

Viscous dissipation in most heat transfer appli-

cations is of secondary importance. Velocity gradients

within a viscous ¯uid must be high to generate signi®-

cant energy by this mechanism. However, there are ap-

plications where signi®cant in¯uences of viscous

dissipation occur. Dynamometers, ®rst described by

Froude in 1877 [1], utilise the principle in power

measurement. In hydrokinetic brakes, mechanical

energy is dissipated through viscous dissipation means.

Soo in 1958 [2] analysed laminar ¯ow across an

enclosed rotating disc. He derived expressions for the

velocity components in the radial, tangential and axial

directions, and for the radial variation in pressure.

More on this later. The energy equation for laminar

¯ow in this situation has been given by Dorfman [3],

with the viscous heat generation term discussed by

Owen and Rogers [4]. A simple Couette ¯ow model

described by Eckert and Drake [5] may also be used to

predict heat generated by viscous dissipation.

Patents have been granted [6,7] which suggest the

use of viscous dissipation for heating viscous ¯uids,
but no practical application is known. The objectives
of this work were to design and operate a machine

whose primary purpose would be for heating viscous
¯uids by viscous dissipation, and to apply the theory
to the prediction of the energy generated.

2. Experimental arrangements

2.1. Preliminary study Ð prototype machine

A preliminary study by Ellwood [8], to demonstrate
experimentally that the concept could be applied, was
carried out on a prototype, illustrated in Fig. 1.
The basis for the prototype viscous heating machine

was a standard Worthington±Simpson centrifugal
motor/pump unit, with a pumping capacity of 50 m3

hÿ1 at 2900 rpm. The pump unit was modi®ed to

enhance viscous shear at the expense of pumping ca-
pacity by replacing the standard impeller with a plain
disc (nominal dimensions of 130 mm diameter by

33 mm long). When installed, this disc was partially
shrouded by a specially machined stator, ®tted to the

International Journal of Heat and Mass Transfer 43 (2000) 1035±1050

0017-9310/00/$ - see front matter # 2000 Published by Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(99 )00183-0

www.elsevier.com/locate/ijhmt

* Corresponding author.



inside of the pump casing, with a radial gap reduced

to the practical minimum, to maximise shearing e�ect,
of approximately 0.3 mm. Two interchangeable discs
provided axial gaps of 0.3 mm and 1.0 mm, respect-

ively. Liquid fed to the centre of the rotating disc is
pumped radially outwards by centrifugal action. Heat
is generated within the liquid, as it ¯ows towards the

outlet, as a result of internal friction or viscous dissi-
pation. Liquid ¯ows across the front face (nearer the
liquid inlet) of the disc, through the disc/stator cylind-
rical gap and then into the casing cavity towards the

outlet. Water and ethylene glycol were used as the
working liquids.
Although this unit could by used to demonstrate

that signi®cant amounts of energy could be transferred
by viscous dissipation, the unit was not suitable for a
thorough study for the following reasons.

1. The installed disc was shrouded on only one face
and across only 80% of the cylindrical area. The
contributions of the unshrouded portion of the disc,

and of the surrounding cavity, on heat generation
and the ¯ow ®eld within the liquid, could not be
determined.

2. The relatively small (130 mm) diameter of the discs

limited the viscous dissipation energy generation

rates to well below the 5.5 kW rating of the drive

motor. A reduction in the disc/stator clearance
below 0.3 mm to increase dissipation rates would
have involved an unreasonable risk of contact

between the disc and stator.
3. It was impossible to locate sensors through the

casing and into the disc/stator gap, to measure

temperatures and pressures.

2.2. Main study Ð purpose built machine

To overcome the above limitations a second rig was
designed and built. A diagrammatic representation of

the machine is shown in Fig. 2. The con®guration of
this machine was similar to that of the prototype. The
main di�erence was that it had a larger disc (diameter

214 mm and width 39 mm) and a casing which
enclosed front and rear faces, allowing greater dissi-
pation energy levels to be demonstrated. It was also

designed to allow provision of more comprehensive
instrumentation to provide the data for a more accu-
rate and thorough theoretical analysis of the machine.
Liquid was fed directly to the front face of the ro-

tating disc; a part ¯owed through a central cavity (di-

Nomenclature

a, b e�ective inner, outer, radius of disc re-
spectively (m)

cp speci®c heat capacity at constant press-

ure (J kgÿ1 Kÿ1)
f general variable
g acceleration due to gravity (m sÿ2)
G gap ratio, Eq. (1)
H enthalpy per unit mass (J kgÿ1)
l width of disc, length of disc cylindrical

gap (m)
m, mf , mr mass ¯ows, total, across front face of

disc and across rear face of disc (kg sÿ1)
p pressure (Pa)

pa, pb pressures at inner and outer radius of
gap, respectively (Pa)

r radial co-ordinate (m)

Ref rotational Reynolds number, Eq. (2)
Rez axial Reynolds number, de®ned by oz 20/n
Q energy absorbed as heat from surround-

ings per unit mass (J kgÿ1)
t times
T temperature variable (K)

T1±T6 temperatures from machine inlet to ma-
chine outlet Ð Figs. 4 and 9 (K)

U internal energy per unit mass (J kgÿ1)

u, v, w velocity in radial, tangential and axial
directions respectively (m sÿ1)

Ws net work done by the liquid on the sur-

roundings per unit mass (J kgÿ1)
V mean velocity (m sÿ1)
Xc, Xf viscous heat generation, cylindrical gap,

across either face of disc (W)
z axial co-ordinate (m)
z0, y0 axial and radial disc/casing gap, respect-

ively (m)
Z vertical distance above datum level (m)

Greek symbols
w rate of heat generation per unit volume (W mÿ3)
f circumferential angle variable
m dynamic viscosity (Pa s)
n kinematic viscosity (m2 sÿ1)
r density (kg mÿ3)
o disc speed (rad sÿ1)

Subscripts
c cylindrical gap

d disc
f front face
r rear face
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ameter 18 mm) in the disc and through a distributor to
the rear face. The distributor consisted of six holes (di-
ameter 3 mm), drilled radially at 60-degree angular
increments around the drive shaft. Increased resistance

to liquid ¯ow to the rear face of the disc, due to the
distributor, resulted in lower ¯ows across the rear face.
This e�ect is considered in the analysis of the results.

The drainage channel in the casing was intended to
help ¯ow towards the outlet, and thus improve liquid
distribution through the machine.

2.3. Gap measurement

The larger diameter disc allowed the radial and axial
gap widths to be maintained at 1 mm, thus reducing

the chance of contact between the disc and the casing.
It was important to measure and con®rm these gaps
once the machine had been assembled, as any di�er-

ence would have a signi®cant e�ect on the accuracy of
heat generation predictions. Prior to assembly the di-
ameter of the disc and the internal diameter of the

casing cavity were measured as 214 mm and 216 mm,

respectively. After assembly, a feeler gauge was used to

con®rm the concentric location of the disc within the

cavity, thus con®rming the uniform 1 mm radial gap.

Prior to assembly, the length of the disc, the depth of

the casing cavity and the thickness of the cover plate

were measured as 39 mm, 41 mm and 10 mm, respect-

ively. After assembly, the distance between the outer

surface of the cover plate and the front face of the disc

was measured, using a depth gauge located through

thermocouple tappings, as 11 mm. Thus con®rmed the

equality of the front and rear axial gap widths of

1 mm.

Mechanical considerations taken into account at the

design stage included a check on vibration in the drive

shaft, whirling or centrifugal e�ects on the disc, and

relative thermal expansion between the disc and the

casing. The entire machine was surrounded by a re-

movable, insulated, aluminium box to limit heat losses.

For more information the thesis of Ellwood [8], should

be consulted.

Fig. 1. Cross-section of the prototype viscous heating machine.
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2.4. Ancillary equipment

The viscous heating test rig system is illustrated in

Fig. 3. The 5.5 kW electric drive motor from the modi-

®ed Worthington±Simpson centrifugal motor/pump

unit was also used to drive the purpose built machine.

The motor was supplied with power from a Danfoss

static frequency converter. This was used to provide a

variable speed drive, and was adjusted to give control

over the range 0±220 rad sÿ1. The standard drive

coupling between the motor and the machine was

replaced with a proprietary IML Metastream torque

measuring coupling, which permitted the measurement

of the power input to the rotating disc unit.

The machine was connected into a supply and return

pipework arrangement which incorporated supply and

Fig. 2. Cross-section of the purpose built viscous heating machine.
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return tanks (each with a capacity of 680 l), the appro-

priate ¯ow control valves, variable ori®ce ¯ow-meters
and ancillary pump units.

Gravity induced ¯ow, from the supply tank through

the appropriate ¯ow-meter and the viscous heating ma-
chine to the return tank, was the normal mode of op-

eration. The original intention of the low ¯ow pressure
pump was for it to provide a boost to the ¯owrate of

high viscosity liquids. However this pump proved
unsuitable for this purpose. Thus the viscosity of the

liquid used in the experimental programme was
restricted to that which would ¯ow through the rig

under the in¯uence of gravity. Flow through the vis-
cous heating machine could be controlled, once a

desired disc speed had been set, with the ¯ow control
valve located downstream of the machine. Liquid col-

lected in the return tank could be pumped back to the
supply tank using the transfer pump.

A Schlumberger ORION data-logger was used to

monitor and record the data from the test rig instru-
mentation.

2.5. Working liquids

The two working liquids used in the viscous heating
rig were (a) a proprietary automotive anti-freeze, ethyl-
ene glycol ((CH2OH)2) and (b) glycerol (C3H5(OH)3Ð
tradename Pricerine 9083). The glycerol was diluted

with water, the proportion of volumes being approxi-
mately 80% glycerol and 20% water, in order to allow
gravity ¯ow to the rig. Using these two liquids enabled

results to be generated over a range of viscosity. The
methods of determination of viscosity, density and
speci®c heat capacity characteristics are described

below.

. Viscosity Ð a FS-722 cone and plate viscometer was
used to determine the viscosities of the ¯uid used in

Fig. 3. Viscous dissipation rig.
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the study. The calibration of the viscometer was

validated using a certi®ed standard, a mineral oil,

with a range of viscosities of between 0.0090 Pa s, at
300 K, and 0.00103 Pa s, at 293 K. The maximum

error between reading and calibrated standard vis-

cosity was 1%. Viscosities of ethylene glycol (in the

range of 0.01±0.022 Pa s) were determined between
293 and 313 K, at the beginning and again at the

end of the test series, a period spanning 33
4 months.

The viscosities at the end were lower than those at

the beginning, by about 5%, over most of the tem-
perature range (300±313 K) and by as much as 10%

at the lowest temperature (293 K). The higher in-

itially calibrated values were used in analysing the
results. Viscosities of dilute glycerol (in range of

0.03±0.065 Pa s) were also measured twice, with

values before and after the tests (spanning 5 weeks)

agreeing within 5%. The viscosity of ethylene glycol
was found to vary from approximately 0.02 to 0.01

Pa s, over the temperature range 292±313 K, and

the viscosity of dilute glycerol was found to vary

from approximately 0.065±0.03 Pa s, over the tem-
perature range 292±332 K.

. Densities were carefully measured, by weight and

volume measurements, at room temperature, ap-
proximately 293 K, and assumed constant.

. Heat capacities were determined, over the range of

temperatures used, with a Du Pont Thermal Analyst

2000 system. Measured values compared with pub-
lished data to within the 2.5% accuracy claimed by

the manufacturer.

2.6. Instrumentation

2.6.1. Temperature and pressure measurements
These were taken at six di�erent positions. Platinum

Resistance Thermometers (PRTs) and digital pressure

transducers were located at the inlet and outlet reser-
voirs, which were immediately adjacent to the machine.
These were used to determine the overall performance

of the viscous heating machine. Enthalpy increases in
the ¯uids were determined from the temperatures. The
error in the enthalpy values were estimated by Ellwood
[8] at 215 W. Thermocouples and digital pressure

transducers also were located at 2 (front face) radial
gap, and 2 cylindrical casing gap, positions and were
used to measure local values within the disc/casing

gaps. Triplicate readings, at 120o intervals, were
obtained in both gaps. No measurements were made
on the rear face of the disc, because of the di�culty in

locating instrumentation through the support bracket.

2.6.2. Torque measurement

An IML non-contacting system was used to measure
dynamic torque, which was then used to calculate the
shaft power input to the rotating disc. The two basic

components in this system were the transducer and
rotor electronics and the readout unit. A full bridge
strain gauge assembly bonded to the inside wall of the

coupling measured shear strain due to the applied
torque. The output of the bridge was fed to the read-
out unit via the rotor electronics. An optical detector

Fig. 4. Co-ordinate system and diagrammatic representation of an enclosed rotating disc.
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was used to count shaft revolutions, which was con-
verted to shaft speed by the data logger. The errors in

shaft power input were estimated by Ellwood [8] at
218 W.

3. Theory

The following sections present the detail of the the-

ory used to predict the performance of the purpose
built viscous heating.

3.1. Regimes of ¯ow in enclosed rotating disc systems

The experimental work carried out by Daily and
Nece [9] resulted in the de®nition of four regimes
which can be illustrated by plotting gap ratio, G,

de®ned by

G � z0
b

�1�

against Ref, de®ned by

Ref � rob2

m
: �2�

For the value of G for the purpose-built machine of

0.0093, the transition between laminar and turbulent
¯ow regimes is predicted to occur at a Ref of about
60,000. The Ref value was below the transition value

of 60,000 for all dilute glycerol results, increasing to a
maximum value of 53,000 at the highest disc speed and
lowest ¯ow Ð corresponding to the highest tempera-
ture and lowest ¯uid viscosity. For the ethylene glycol

results, all data at the highest disc speed of 125 rad sÿ1

were above the predicted transition Re value, and the
data at the lower, 55 rad sÿ1, disc speed straddled the

transition value, with higher ¯ow data below, and
lower ¯ow data above, the transition. The results
explained below did not change signi®cantly at the pre-

dicted transition.

3.2. Flow in enclosed rotating disc systems, with
superposed laminar ¯ow

3.2.1. Formulation of the problem

For the ¯ow of ¯uid over an enclosed rotating disc,
it is convenient to use a stationary frame of reference.
The co-ordinate system used is shown in Fig. 4. The

disc rotates about the z-axis with a constant angular
velocity o, in the direction of f increasing. The direc-
tion of the z-axis points towards the casing, and the

origin O is taken as the point where it intersects the
disc. Thus the face of the disc lies in the plane z = 0
and the face of the casing lies in the plane z=z0, where

z0 is the axial gap between the disc and the casing. The
radius, or distance from the z-axis, is represented by

the variable r, and the disc has an outer radius b.
The cylindrical polar co-ordinates (r, f, z ) are such

that f increases in the direction of a right handed

screw relative to the positive direction of Oz. Referred
to the ®xed frame of reference, the velocity of a par-
ticle of ¯uid at any point (r, f, z ) is taken to be v=

(u, v, w ), its density, r, its temperature, T, and its
pressure, p.
Fig. 4(b) shows a diagrammatic representation of

the casing which encloses the disc. Fluid inlet is
through the casing to the centre of the disc, the outlet
is in the casing at the periphery. It is assumed that the
inlet condition is simple radial source ¯ow, starting

from radius a, rather than the axial to radial ¯ow that
Fig. 4(b) suggests. It is also assumed that:

1. The ¯ow is axisymmetric and steady, i.e. @f/@f=@f/
@t = 0, for all dependent variables f.

2. The ¯ow of ¯uid is laminar and as the gap ratio, G,
is small, the boundary layers on the disc and casing

are converged, i.e. Couette-type ¯ow exists.
3. The ¯uid is incompressible and density, r, is con-

stant.

4. The dynamic viscosity, m, and the kinematic vis-
cosity, n, are constant.

5. The steady mass ¯owrate, m, can be considered to
be small.

6. The ¯ow is fully described by the continuity and
Navier±Stokes equations.

3.3. Equations of motion

The equations of motion consist of the continuity

and Navier±Stokes equations, in cylindrical co-ordi-
nates, as follows:
Continuity equation

@u

@r
� u

r
� @w
@z
� 0 �3�

Navier±Stokes equations

u
@u

@r
� w

@u

@z
ÿ v2

r
� ÿ1

r
@p

@ r

� n
�
@ 2u

@r2
� 1

r

@u

@r
� @

2u

@z2
ÿ u

r2

� �4�

u
@v

@r
� w

@v

@z
� uv

r
� n

�
@ 2v

@r2
� 1

r

@v

@r
� @

2v

@z2
ÿ v

r2

�
�5�
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u
@w

@r
� w

@w

@z
� ÿ1

r
@p

@z
� n

�
@ 2w

@r2
� 1

r

@w

@r
� @

2w

@z2

�
: �6�

3.3.1. Boundary conditions

The fundamental boundary condition is that, for
any particle of ¯uid, a condition of no slip will exist at
either the surface of the disc or the surface of the

casing. Also, the radial, tangential and axial com-
ponents of velocity, u, v, and w, are dependent upon
the radius, r, and the axial dimension, z.

Thus the boundary conditions can be written:

u�r, 0� � 0; u�r, z0� � 0

v�r, 0� � ro; v�r, z0� � 0

w�r, 0� � 0; w�r, z0� � 0

2pr
�z0
0

ru dz � m �7�

3.3.2. Soo simpli®ed equations

Soo, in 1958 [2], further simpli®ed the solution of
the above equations by the introduction of the usual
boundary layer approximations, which are:

1. The axial component of velocity w, is very much
smaller in magnitude than either of the other two
components.

2. The rate of change of any variable (other than the
pressure) in the axial direction, i.e. the z direction, is
much greater than its rate of change in a radial or

tangential direction.
3. The pressure depends only on the radial distance

from the axis of rotation.

The simpli®ed equations then become

u
@u

@r
� w

@u

@z
ÿ v2

r
� ÿ1

r
@p

@r
� n

@ 2u

@z2
�8�

u
@v

@r
� w

@v

@z
� uv

r
� n

@ 2v

@z2
�9�

@p

@z
� 0: �10�

It should be noted that the boundary layer equations

for the discs will not be valid in the neighbourhood of
the shroud (the inner cylindrical surface of the casing),
where the ¯ow makes a sharp turn, nor near the axis

of rotation, that is at the ¯ow entrance to the disc
gaps.
Soo solved the above for velocity and pressure pro-

®les by assuming low ¯ows and neglecting all inertia
e�ects. The equations for the velocities in three dimen-

sions were used to check the contributions of the vel-
ocity gradients other than the circumferential velocity
gradient. In comparison to the latter, the remaining

velocity gradients were con®rmed to have a negligible
contribution to viscous dissipation generation rates.

3.4. Viscous dissipation Ð disc gaps

To obtain the heat generated by viscous dissipation,

only the term involving the axial variation of the cir-
cumferential velocity is required, that is

w � m
�

dv

dy

�2

�11�

must be evaluated. The circumferential velocity varies
linearly across the gap and is given by

v � ro�1ÿ z=z0�: �12�
Though this velocity can be obtained through the deri-
vation of Soo, it can also be simply derived by as-
suming simple Couette ¯ow between two radial disc

surfaces, one of which is rotating at constant circum-
ferential speed, ro. The energy generated per unit
volume of ¯uid in the gap is therefore given by

wf � m
�
ro
z0

�2

: �13�

This must be evaluated over the disc gaps, between
r=a and r=b, on either side of the rotating disc. The
total heat generation rate, Xf , for each disc face is then

given by

Xf �
�b
a

"
m
�
ro
z0

�2

2prz0

#
dr �14�

or

Xf �
�
pr4mo2

2z0

�b
a

�15�

or

Xf � pb4mo2

2z0
ÿ pa4mo2

2z0
: �16�

3.5. Viscous dissipation Ð disc cylindrical gap

The same Couette-¯ow model can also be applied to

the cylindrical region of the disc, rotating in close
proximity to the stationary casing. The tangential vel-
ocity of the cylindrical face of the disc, at outer radius
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b, rotates at a constant angular velocity, bw. Given
that there is a radial gap, y0, between the disc and the

casing, the rate of heat generation per unit volume is
given by

wc � m
�
bo
y0

�2

: �17�

As the total volume within a particular half of the
cylindrical region, of length l/2, is given by 2pby0l/2,
the total heat generated within each half of the cylin-

drical gap region is given by

Xc � m
�
bo
y0

�2

2pby0l or 7 Xc � 2pmb3o2l

y0
: �18�

3.6. Total viscous heat generation

Combining the expression for total heat generation
for ¯ow across the two disc faces, given in Eq. (16),
with the expression for total heat generation across the

disc cylindrical gap region, given in Eq. (18), gives the
total heat generation rate as:

Xd � pb4mo2

2z0
ÿ pa4mo2

2z0
� 2pmb3o2l

y0
: �19�

This was the equation used to predict the total heat
generation by viscous dissipation for the viscous heat-

ing machine.

3.7. Radial pressure variation

The average radial pressure change across the face
of the disc was given by Soo [2], as

pb ÿ pa � �0:5rb2o2�
"�ÿ3

p

��
m

rz0ob2

�

�
�
1ÿ 0:078968Re2z

Rez

�
ln

�
b

a

�

�
�

3

10p2

��
m

rz0ob2

�2
�
b2

a2
ÿ 1

�

�
�
2

5

�
�1� 0:001095Re2z�

�
1ÿ a2

b2

�#
: �20�

The ®rst term on the RHS of Eq. (20) accounts for the

pressure change due to frictional loss across the face of
the disc. The second term accounts for the pressure
change due to di�usion as the ¯uid expands radially

outwards towards the periphery. The third term rep-
resents the pressure change due to the centrifugal
e�ect.

3.8. Energy measurements

An energy balance on a given mass of ¯uid gives

DU1 � D
�
p

r

�
� D

�
v2

2

�
� g�Dz� � QÿWs: �21�

The following assumptions were made:

1. Liquid density, r, remained constant over the range
of operating temperatures.

2. Mean velocity, v, remained unchanged across the
machine (as the reservoirs at positions 1 and 6, the

inlet and outlet of the machine, were of the same di-
ameter), so D(v 2/2)=0.

3. The di�erence in height between the reservoirs at

positions 1 and 6, the inlet and outlet of the ma-
chine was negligible (position 1 was 0.3 m above
position 6), so gDz 1 0.

4. The purpose built viscous heating machine was well
insulated from the surroundings by an insulated alu-
minium box, therefore the heat loss to atmosphere,

Q, was assumed to be negligible (the di�erence
between the sum of the values on either side of the
equation may be an indication of the magnitude of
Q ).

Thus Eq. (21) becomes:

DU� Dp
r
� DH � ÿWs: �22�

This means that the power put into the shaft driving
the rotating disc is expended either into heating the
¯uid or into raising its pressure. If there are no heat
losses the measured quantities on either side of the

equation should balance. Changes in enthalpy, DH, are
assumed to be due only to changes in temperature,
and heat capacities are constant over the range of tem-

perature encountered, so

DH � CpDt: �23�

With the pump running and signi®cant dissipation
energy being generated, the internal energy term far

exceeds the pressure term.
With the pump down and the disc stationary, for a

given ¯ow of ¯uid through the pump, there is a signi®-
cant friction loss, which results in a very small increase

in internal energy. To obtain the net contribution of
the shaft power to pressure energy, the di�erence in
overall pressure change must be determined between

the pump running and the pump stationary.
The net pressure change, across the face of the disc,

is predicted by Eq. (20). The additional pressure

change, due to frictional losses downstream of the disc
face, were estimated from measured pressure changes
with the disc stationary. These must be added to the
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Soo-predicted values to compare the total with the
total measured pressure drop with the disc rotating.

The frictional losses beyond the disc face are assumed
to be una�ected by the rotation of the disc. These
were estimated by subtracting the Soo-predicted press-

ure change for a stationary disc, from the measured
overall pressure change with the disc stationary. Since
the former were very small, the latter were essentially

the pressure change due to frictional losses beyond the
disc face.

3.9. Flow to the front and rear faces of an enclosed

rotating disc

The di�culty in analysing the above changes was

that only the total ¯ow to the front and rear face of
the disc were measured. On entering the machine, the
¯ows divided, as shown in Fig. 2, to the front and rear
gaps. Thus ¯ow distribution to the two gaps occurred

on the basis of the pressure drops present in each of
the paths, with considerably less ¯ow to the rear gap,
due to increased resistance due to the distributor. This

was con®rmed by the higher temperature changes at
the rear face. The split in ¯ows was determined by the
di�erence in the temperature change resulting across

the two gaps, assuming that the dissipation energy gen-
erated in each gap was the same.
The measured overall mass ¯owrate, m, at the ma-

chine inlet splits into a ¯ow, mf , across the front face

of the disc, and a ¯ow, mr, across the rear face of the
disc. Assuming heat generation rates are the same for
the front and rear faces of the disc, these ¯owrates can

be determined from the respective changes in enthalpy,
using

DHfmf � DHrmr �24�

where DHf is the change in ¯uid enthalpy across the
front face of disc (J kgÿ1) and DHr is the change in
¯uid enthalpy across the rear face of disc (J kgÿ1).
The enthalpy changes can be determined from

measured temperatures at the exit of each gap. If the
heat capacities are assumed constant over the relatively
small temperature change, the individual ¯ows may be

determined from the measured temperatures as fol-
lows:

7 mf � �T5 ÿ T1�m
T4 � T5 ÿ 2T1

�25�

and

7 mr � �T4 ÿ T1�m
T4 � T5 ÿ 2T1

: �26�
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4. Results

4.1. Prototype device

This device successfully demonstrated that viscous

¯uids could be heated through viscous dissipation in
this kind of device, and encouraged the construction of
the purpose-built device. Tests of the instrumentation

and control apparatus were successfully demonstrated.
The viscosity of ethylene glycol was found to vary
from approximately 0.02 to 0.01 Pa s, over the tem-
perature range 292±313 K, providing a 10-fold increase

in viscosity over that of water. Typical of the data pro-
duced with this device were those in Table 1.
Water results were inaccurate because the torque

levels were too low for the torque-meter, and the tem-
perature increases were very small. Generated enthalpy
increases in the ethylene glycol more closely matched

the power input obtained from the torque measure-
ments. However, for both systems, predicted viscous
dissipation e�ects were much lower than measured
e�ects. The inability to take su�cient measurements to

explain this led to the construction of the new device.

4.2. Purpose-built device

Ethylene glycol and water-diluted (20% by volume)

glycerol were passed through this heating device over a
range of conditions, summarised by the following
values:

. ¯ows varied between 2 and 50 ml sÿ1 or 0.0022 and

0.08 kg sÿ1

. viscosities varied between 0.01 and 0.065 Pa s

. rotating disc speeds varied from 0 to 125 rad sÿ1.

Early results indicated that energy values measured by

the ¯uid temperature increases and by torque measure-

ments, just as in the prototype tested earlier, far

exceeded those predicted for viscous dissipation heat-

ing. This is because there were two mechanisms by

which ¯uids passing through the machine were being

heated. These were as follows:

1. Viscous dissipation heating due to the high velocity

gradients in the narrow disc and cylindrical gaps.

2. Conduction from the heated casing, which resulted

from the heat generated in the shaft bearings.

When the contribution of the second was accounted

for by measuring the power required to drive the disc

with the device empty of ¯uid, the contributions of

both the above accounted accurately for the total

energy transferred to the ¯uid. At low disc speeds in

fact, the heat generated by the bearings exceeded that

from viscous dissipation, but at higher disc speeds the

predicted viscous dissipation rates were higher than the

bearing-generated losses. This is illustrated for one

¯ow of diluted glycerol in Fig. 5. Construction of this

type of heating device would obviously have to be

more carefully carried out so that friction losses in the

bearings would be greatly reduced.

With viscous ¯uid ¯owing through the device at

Fig. 5. Comparison of predicted dissipation rates and bearing losses.
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various ¯ows, comparisons were made between the fol-

lowing total energy transferred.

1. The sums of the energy generated by the two e�ects

above.

2. The total energy supplied to the machine, measured

with the torque-meter.

3. The total energy transmitted to the liquid (measured

by the enthalpy increase) passing through the ma-

chine. There was proportionately a very small

increase in pressure energy.

The results obtained for diluted glycerol will be used

to illustrate the in¯uences found. The ethylene glycol

results were very similar.

As indicated in Fig. 6 there was close agreement

between the above three values, especially so at the

higher ¯ow rates through the machine, where the

lower temperatures generated resulted in lower heat

losses to the surroundings. At the higher ¯ows the

di�erences between the total energy transfers (1) by the

total of bearing loss (also plotted) and viscous dissi-

pation, (2) by torque measurement, and (3) by

measured liquid enthalpy increase, were within 20 W

in most case, consistent with estimated experimental

errors. As indicated in the data below, at the lowest

¯ows, and the highest disc speed Ð of 110 rad sÿ1,
predicted energy additions due to dissipation and bear-

ing friction were higher, by as much as 70 W, than

measured shaft input power, and measured enthalpy

increases were as much as 110 W, or 30%, below the

measured shaft input power. The poorer agreement in

the latter case was probably due to higher heat losses

due to the higher temperatures generated at the lower

¯ows. As the ¯ows decrease, and ¯uid temperatures

Fig. 6. Comparison with energy calculated from torque measurements of (i) total energy transfer by liquid enthalpy increase, and

of (ii) bearing loss + predicted viscous dissipation energy.

Table 2

Summarised deviations from torque-measured energy levels (disc speed Ð 110 rad sÿ1)

Fluid ¯ow, kg sÿ1 0.0024 0.0060 0.0120 0.0241 0.0605

Fluid temperature rise, 8C 35 20 13 7.5 3.8

`Heat loss', W 109 76 64 58 34

Predicted ÿ measured, W 71 58 7 ÿ2 ÿ1
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generated increase, contributions of heat losses become

more prominent. If the di�erences between the torque-

measured energy input and liquid enthalpy increase are

assumed to be due to heat loss, the relationship

between heat loss and generated ¯uid temperature is

very obvious, as indicated in Table 2.

Fig. 7. Measured liquid temperature increases.

Fig. 8. Overall pressure change across the rig: comparison of (i) measured and (ii) predicted from static pressure drop plus Soo-pre-

dicted, disc-generated, pressure increase across the disc (constant speed of 70 rad sÿ1).
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As the predicted values included dissipation energy

generated and bearing losses, the deviation from

measured value at low ¯ows could be caused by errors

in either. It is assumed that measured bearing losses

with the machine empty of liquid applied also to oper-

ation with liquid in the machine. Although the largest

deviations do occur under conditions where the Ref
approached the transition between laminar and turbu-

lent ¯ow (see Theory), this is not the cause, as pre-

dicted turbulent conditions for the ethylene glycol runs

at high disc speeds did not give the same deviations.

It should be noted that energy generation rates

increase with ¯ows at a given disc speed due to the in-

¯uence of viscosity increases on viscous dissipation

rates. Viscosities increase with increases in ¯ow as a

result of lower temperature increases.

In all cases, over 99.5% of the energy transferred to

the liquid contributed towards increasing its tempera-

ture, or internal energy, and less than 0.5% contribu-

ted towards increasing pressure head. The maximum

measured heating power was 0.6 kW. This was

achieved at a disc speed of 110 rad sÿ1 and a dilute

glycerol ¯owrate of 0.0605 kg sÿ1. Temperature

increases obtained in the machine are plotted in Fig. 7.

They increase with disc speed and decrease as ¯ows

increase. The maximum measured overall temperature

increases recorded for ethylene glycol was 41.6 K at a

disc speed of 125 rad sÿ1 and a mass ¯owrate of

0.0024 kg sÿ1, and for dilute glycerol was 35.4 K, at
110 rad sÿ1 and 0.0024 kg sÿ1.
Results showed that average temperature increases

recorded for ¯ows across the rear of the disc were con-
sistently higher, by up to a factor of 2, than those

recorded for ¯ow across the front of the disc. This
con®rmed that there was reduced ¯ow across the rear
face of the disc due to the restriction of the rear face

distributor. This is discussed further below.

4.3. Pumping

Although the contribution of the power input to the

liquid pressure head was relatively very low, signi®cant
pressure increases were generated. At higher disc
speeds, of 70 rad sÿ1 illustrated in Fig. 8, positive over-

all pressure head was added over almost the entire
range of ¯ows. The viscous heating machine was acting
as a pump in addition to its main function as a heating
device.

The pressure change due to the centrifugal e�ect
across the faces of the disc was predicted to be domi-
nant at all disc speeds, and this dominance increased

signi®cantly with increasing disc speed. The total press-
ure change across the disc radial surface was small in
comparison with that downstream of the disc, which

included the disc cylindrical region, the machine exit,
and the rear face distributor.
Only the pressure increase through the disc radial

Fig. 9. Soo-predicted, disc-generated, pressure increase across the disc; dependence on disc rotating speed and actual ¯ow through

the front gap.
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gap could be predicted from Soo's resulting equation.
These are plotted in Fig. 9. These could not be

measured to obtain a direct comparison with predicted
results. Instead, the predicted values were added to the

estimated pressure change downstream of the radial
gap. The pressure drop downstream was determined
by subtracting the predicted disc face pressure drop

from the overall pressure drop, for a stationary disc.
The measured total pressure drops with the disc run-

ning were then compared with the sum of the down-
stream pressure drops for a stationary disc and the
pressure drop across the disc predicted by Soo for a

rotating disc. The predicted in¯uence of the rotating
disc was greater than the measured in¯uence, as indi-

cated by the lower measured pressure increases in
Fig. 8.

Before the Soo [2] predictions could be made the in-
dividual ¯ows to either side of the disc had to be deter-
mined, using the di�erences in the temperature

increases, as indicated earlier. The resulting calculated
split in the total ¯ows is illustrated in Fig. 10. This in-

dicates that at low ¯ows there is an almost even split
between the ¯ows to the front and back gaps, but as
the ¯ows increase, the pressure drop to the rear gap

increases more rapidly and the ¯ow increases are
smaller than to the front gap.

5. Conclusions

The use of a high speed rotating disc, and a narrow
gap, to heat and pump viscous ¯uids, has been demon-
strated. Theoretical predictions of viscous dissipation

rates were near those obtained experimentally. Further
work is now required to show the commercial viability
of such means of heating.
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