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Unsteady flow in rotating drums using laser Doppler velocimetry 

G. Kawashima* and W.-J. Yang 

Dept. of Mechanical Engineering and Applied Mechanics, University of Michigan, Ann Arbor, MI 48109, USA 

Abstract. Non-destructive measurements by laser Doppler velo- 
cimetry is employed to study unsteady flow in a hollow drum filled 
with liquid. The drum is suddenly accelerated from rest or is sud- 
denly decelerated from a steady rotation to rest. Pure water and 
glycerin-water mixtures are used as the test liquid in which poly- 
ethylenelatex particles are mixed as the light scattering tracer. The 
boundary layer formation, the time history of velocity, momentum 
and kinetic energy of the liquid, the wall-to-fluid force transfer, and 
the transient response time are determined. Also determined are the 
effects of side walls and fluid viscosity on the transient flow response. 
Of importance is the disclosure of Ekman layer instability near the 
inner radial wall of the test drum. It is actuated by the centripetal 
acceleration-induced buoyancy force. 
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wetted surface area of test drum, cm 2 
reciprocal of characteristic velocity, = ts/H, s/cm 
width of test drum, cm 
axial coordinate of test drum, cm 
diameter of test drum, cm; D x, inner diameter; Dz, outer 
diameter 
diameter of laser beam, mm 
particle diameter, mm 
kinetic energy of liquid, kg-cm2/s2; E~, steady value 
force transferred from drum walls to liquid, N 
focal length of lens, mm 
one-halt" of spacing between two parallel split beams, Fig. 1 
characteristic length of test drum, cm; = VIA 
momentum of liquid, kg. cm/s; Ms, steady value 
mass of control volume, kg 
radial coordinate of test drum, cm 
fringe spacing, mm 
time, s 
time for particle to travel through fringe spacing, s 
transient time, s 
liquid velocity, cm/s 
liquid volume in test drum, cm 3 
effective volume of sample volume, mm 3 
velocity of tracer particle, cm/s; = S/t 
waist diameter of parabola in Fig. 2, mm 
coordinates for paraboloid in Fig. 2, mm 
crossing angle of splitting beams, degrees 
wavelength of laser length, cm 
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v kinematic viscosity, cm2/s 
0 liquid density, kg/cm 3 
~b Doppler frequency, l/s 

Subscripts 

s at steady state 
1 outer 
2 inner 

1 Introduction 

The starting process in fluid flow and boundary  layer forma- 
tion is commonly experienced in nature as well as industry. 
Its reverse is the stopping process. Typical examples are the 
mot ion which is accelerated from rest and that which is 
decelerated to rest. 

Unsteady flow during the starting or  stopping process 
can be studied with the aid of analytical  methods which 
cannot  be carried very much beyond the beginning of 
boundary  layer separation. Hence, experimental  investiga- 
tion of such flow phenomena has been common and results 
are abundant .  A brief survey of impor tant  studies is available 
(Schlichting 1968). 

Recently, considerable effort has been focussed on fluid 
flow and heat transfer in rotat ing machinery which can be 
modelled by rotat ing disc systems (Owen 1984). Owen classi- 
fied the rotat ing disc system into three categories: free disc, 
ro tor-s ta tor  system and rotat ing cavity. Many  rotat ing flows 
of practical importance can be considered in terms of the 
ro tor-s ta tor  system or of the rotat ing cavity. 

Rotat ing cavities can be grouped into three: sealed rotat-  
ing cavity, cavity with axial through flow and cavity with 
radial  outflow. They can be used to model  the flow between 
co-rotat ing turbines or compressor  discs. 

Unsteady flow phenomena in rotat ing disc systems are 
less unders tood due to the difficulty in non-destructive mea- 
surements of velocity and pressure fields. Convent ional  wis- 
dom is to insert a pitot  tube or a hot-wire anemometer  into 
the flow field. It causes a disturbance in the flow and yields 
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less accurate measurements due to the weak power output 
from such devices. 

In recent years, the application of LDV to fluid flow 
measurements has become popular; see, e.g., Takahei (1983) 
and Association for the Study of Flow Measurements (1980). 
It requires the presence of suitable particles in the fluid to 
produce enough scattered light for signal processing. Insuffi- 
cient particles result in poor signal-to-noise ratios, while the 
diameter of seeded particles should be smaller than the fringe 
spacing in order to obtain high signal-to-noise ratios. Drain 
(1980) suggests that the optimum ratio of particle diameter 
to fringe spacing is 0.586. Other references may be consulted 
on the selection of size (Kohashi 1974, Nakaya and Yamada 
1976, Nakayama 1980) and concentration (Nakayama 1980) 
of tracer particles. 

The present study utilizes a non-destructive means, i.e., 
through the use of a laser Doppler velocimeter, to monitor 
both the temporal and spatial variations of flow inside a 
rotating drum which is suddenly accelerated from rest or is 
suddenly decelerated from a steady rotation. The velocity, 
momentum, kinetic energy, force and transient response 
time of the fluid are investigated. 

2 Experimental apparatus and procedure 

The LDV and its signal processing system are schematically 
illustrated in Fig. 1. The output of the He-Ne laser light is 
5 m. When a fraction of the scattered light passing through 
the lens of a receiver was intercepted by an avalanche type 
photo diode, the scattered Doppler signals were processed 
by a tracker. This system was made by Cambridge Physical 
Science, Co., England. The resulting digital indication of 
Doppler frequency shift was then recorded on a printer to- 
gether with the corresponding instant of measurement. An 
oscilloscope was installed to check whether or not the re- 
ceiver was correctly catching Doppler frequency by examin- 
ing the wave shape. The temperature rise due to the focusing 
of a laser beam depends on the wave length and the output 
power of the laser; in this test apparatus, the temperature rise 
due to the focusing of the laser light is negligible. 

The power of the incident laser light is characterized by 
a Gaussian distribution which has the maximum intensity at 
the center, diminishing toward the edges of the beam. Should 
a lens be used to focus the beam, the resulting sample volume 
would take a paraboloidal form as shown in Fig. 2. The 
length Ax, Ay, Az shown in Fig. 2 are 0.15, 0.15, and 
0.97 mm, respectively. 

The light-scattering particles must have the proper size 
and density in order to follow fluid flow. In general, the 
particle diameter is selected to be one half of the fringe 
spacing, S. High particle concentration causes a continuous 
flow of scattering particles through the sample volume. Since 
the angle of light scattering by each particle is fixed at the 
moment it enters the sample volume, the presence of multi- 
ple particles induces a composition of phase angles which 
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Fig. t. A schematic of LDV and its signal processing system; ! 
transmitter, 2 receiver, 3 tracker, 4 counter, 5 oscilloscope, 6 printer 

7 - -  

Fig. 2. Sample volume 

vary with all entering and exiting particles. Hence, the 
desirable concentration is at one particle or less per fringe 
spacing. 

A function generator was used to simultaneously supply 
signals to both the tracker and the universal counter for 
recording the digital response frequency in each unit. The 
two frequencies were then plotted on the x and y axes, 
respectively. The frequency on the tracker was corrected by 
the minimum square method and an equation was derived 
to convert the measured response frequency into flow ve- 
locity v. 

A rotating hollow drum of 310 mm-outside diameter and 
60 mm-width was filled with the test liquid. Under steady 
state with the rotating period Tr, the actual rotational veloc- 
ity u and the flow velocity v determined by the LDV response 
frequency were compared. It was disclosed that u = v in the 
test range above 0.5 cm/s. 

A highly transparent liquid is needed for LDV tests. Pure 
water and its mixtures with various percentages of glycerin 
(25, 50, 65, 80% by volume) were selected as the test fluids. 
Polyethylenelatex particles of 2.02.10 _3 mm diameter (dp) 
were mixed in the test fluid at a concentration of 0.189 ppm 
(equal to the volume of one particle divided by the volume 
of the sample volume V~). The fringe spacing was found to be 
S = 4.11-10 -3 mm. The ratio dp/S of 0.491 is smaller than 
0.586 (Drain 1980). 

Figure 3 is a schematic of the test setup. It consisted of 
1 transmitter, 2 receiver, 3 rotating hollow drum, 4 reduc- 
tion gear, 5 speed controller, and 6 motor. The distance 
from the transmitter to the measurement point was 175 mm. 
Both the distance between the measurement point and the 
receiver and the angle between the receiver and the laser 
beams were adjusted to obtain clear Doppler waves. The 
dimension of the test drum was varied: outer diameter 
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Fig. 3. A schematic of experimental apparatus 

(D 0 = 200 mm, 310 mm; inner diameter  ( D 2 )  = 60 ram, 
80 mm; and width (B) = 30 mm, 60 mm. 

The LDV setup was a two-beam mode for one-com- 
ponent  velocity measurements:  0 = 8.83 ~ f = 210 mm, G = 
16.2 mm, 2 = 6.328 - 10 4 mm, and d = 0.8 mm. Calcula- 
tions yield W =  0.2115 mm and V~ = 2.282 �9 10 2 mm 3, re- 
spectively. The laser light was set perpendicular  to the 
rotat ing surface of the test drum. It was achieved by aligning 
four light points  (two points by two incident lights and two 
points  by two reflecting lights which appeared on the drum) 
on a straight line and at symmetrical  position. In addit ion,  
the lens centers of both  the t ransmit ter  and the receiver must  
be kept  at the same height. The locat ion of interference 
fringes must  be on the horizontal  line passing through the 
center of the test drum. The receiver was installed at an angle 
with the laser beam in order  to avoid picking up the noise 
produced by its exposure to direct laser light. 

Pr ior  to the measurements,  an oscilloscope was installed 
in the test setup to ascertain that  the receiver intercepted the 
light with Dopple r  frequencies. The Dopple r  waves are char- 
acterized by smoother  mounta ins  and valleys while the noise 
waves have sharp peaks and bot toms like sawteeth. 

Tests were conducted for both the start ing and stopping 
processes. In both cases, the first step was to set the LDV 
measurement  point  at the measuring locat ion in the test 
field. At time zero in the start ing process, both  the test drum 
and the test fluid were at rest. Then, the drum was suddenly 
accelerated with the rotat ing period Tr of 12.5 s. The varia- 
tion of flow velocity was moni tored  with time until the fluid 
mot ion  achieved a steady state. 

Fo r  the s topping process, the fluid flow inside the drum 
was initially steady at the rotat ing per iod of 12.5 s. Then, the 
drum was suddenly stopped. The velocity change with time 
was measured until the liquid mot ion  came to rest. 

The liquid temperature  was mainta ined constant  
throughout  each test to avoid a change in liquid viscosity. 
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Fig. 4. Velocity response of 25% glycerin/75% water mixture at 
b = 0 radial cross section in test drum with D 1 = 20 cm, D z = 8 cm 
and B = 6 cm during the starting process 
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Fig. 5. Velocity response of 25% glycerin/75% water mixture at 
r =  5cm axial cross section in test drum with D1 = 20cm, 
D 2 = 8 cm and B = 6 cm during the starting process 

distance measured from the midplane of the test drum as 
seen in Fig. 3. Some typical results for the starting and stop- 
ping processes of the 25% g lyce r in -75% water mixture in 
test drum with D 1 = 20cm,  D2 = 8 cm and B = 6 cm are 
presented in Figs. 4 -11 .  

3 Results and discussion 

In each test, the flow velocity u (r, b, t) was measured at vari- 
ous locations inside the test drum. Here r is the radial  dis- 
tance from the center of the rotat ing shaft, while b is the axial 

3.1 Velocity time history 

Figure 4 shows the velocity time history at a radial  cross 
section (r, 0) during the starting process. Fo r  this test drum 
with DI/B = 3.33 and Dz/B = 1.33, the flow became steady 
throughout  the radial  cross section in about  140 s. Figure 5 
illustrates the velocity time history at an axial cross section 
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Fig. 6. Velocity response of 25% glycerin/75% water mixture at 
b = 0 radial cross section in test drum with D1 = 20 cm, D e = 8 cm 
and B = 6 cm during the starting process 
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Fig. 7. Time history of 25% glycerin/75% water mixture at b = 0 
radial cross section in test drum with D~ = 20 cm, D e = 8 cm and 
B = 6 cm during the stopping process 

(b = 5 cm). It is observed that the closer to the side wall, the 
faster is the response. The difference in responses along the 
axial cross section diminished with an increase in r (not 
shown). Strong velocity fluctuations were detected during 
the initial stage near the inner radial  wall as seen in Figs. 4 
and 5. It is the Ekman layer instability (Greenspan 1968, Yih 
1977) which was subsided as the mean velocity was in- 
creased. The centripetal acceleration gives rise to buoyancy 
forces which induce the instability. 

In the stopping process, the velocity time history at the 
drum midplane (r = 0) is shown in Fig. 6. Steady flow was 
reached throughout  the entire radial  cross section in about  
90 s. Of special interest was the observation of the Ekman 
layer instability, namely the al ternation of forward and re- 
verse flows inside the boundary  layer, near the inner radial  
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Fig.& Time history of 25% glycerin/75% water mixture at 
r = 5cm axial cross section in test drum with D I = 20cm, 
D e = 8 cm and B = 6 cm during the stopping process 

surface. The instabili ty diminished with time due to a rapid 
fall of the angular  velocity (implying the centripetal accelera- 
tion) as will be depicted later in Fig. 12. 

It was disclosed that  the response time decreases with an 
increase in the surface area of side walls (with larger D1/B 
and smaller Dz/B ) and the fluid viscosity�9 

3.2 Time history of velocity distributions 

The time history of velocity distr ibutions are presented in 
Figs. 7 - 1 0  for the stopping and start ing processes, respec- 
tively�9 

In the stopping process, Figs. 7 and 8 present the timewise 
variat ion of velocity distr ibutions in the radial  and axial 
direction, respectively. During the initial stage following the 
transient, the velocity profile in the radial  direction dimin- 
ishes linearly with time (Fig. 7), except the liquid layers near 
the inner and outer walls in which the Ekman layers were 
formed�9 Figure 8 depicts the action of boundary  layer near 
the side wall at b > 20 mm. Inside the boundary  layer, an 
unstable velocity profile was exhibited at r = 5 cm. A reverse 
flow occurred at t = 60 s. This unstable velocity pattern, 
namely the Ekman layer instability, diminished with an in- 
crease in r. However, outside the boundary  (b < 20 mm) the 
velocity profile is nearly uniform (more so at larger r) at any 
time instant. In the case of water (not shown) the velocity 
decrease was slower both inside and outside the boundary  
layer compared  with the mixture case. This is because the 
energy needed to induce the flow is originated from the drum 
walls. The energy transfer to the liquid becomes more diffi- 
cult in a liquid with lower viscosity or in a drum with larger 
side walls (larger (Dr - Dz)/B). 

In the starting process, the velocity response grew more 
rapid as the location was shifted radially from the inner wall 
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Fig. 9. Time history of 25% glycerin/75% water mixture at b = 0 
radial cross section in test drum with D1 = 20 cm, D 2 = 8 cm and 
B - 6 cm during the starting process 
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Fig. 10. Time history of 25% glycerin/75% water mixture at 
r = 5cm axial cross section in test drum with D 1 = 20cm, 
D 2 = 8 cm and B = 6 cm during the starting process 
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Fig. 11. Instantaneous velocity distribution of 25% glycerin/75% 
water mixture at b = 0 radial cross section in test drum with 
D 1 = 20cm, D 2 = 8 cm and B = 6 cm at 33 s after the onset of 
starting process 
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Fig. 12. Angular velocity reponse of 25% glycerin/75% water mix- 
ture at b = 0 radial cross section in test drum with D 1 = 20 cm, 
D 2 = 8 cm and B = 6 cm during the stopping process 

toward  the ou te r  wall, as seen in Fig. 9. This  is also true for 

water ,  except  the veloci ty  response was s lower than  that  in 

the mixture.  Like in the s topping  process, the b o u n d a r y  layer 

fo rma t ion  was observed  near  the side wall  (z > 20 mm), as 

depic ted  in Fig. 10. The  veloci ty  response was very rapid  

inside the b o u n d a r y  layer. The  unsteadiness  of  veloci ty  pro-  

files near  the inner  wall is depicted in Fig. 11 at t = 33 s. This  

evidences the E k m a n  layer instabil i ty which is gradual ly  
subsided with time. 

3.3 Angular velocity 

Figure  12 demons t ra t e s  the angula r  veloci ty  response of  the 
mix ture  for the s topping  process. It  d iminishes  exponent ia l ly  

with time, i r respect ive of  the radial  locat ion.  A similar  si tua- 

t ion occurred  in water.  The  angula r  veloci ty  response of  the 

s tar t ing process fol lows the same pa t te rn  as in Fig. 12. The  

quan t i ty  r ~  2 represents  the centr ipeta l  accelera t ion  at the 

radial  loca t ion  r. It  gives rise to the buoyancy  force which 
can cont ro l  the flow. 

3.4 Momentum and kinetic energy of  liquid 

The  fluid vo lume  inside the d r u m  was divided into  a mul t ip le  

of small  cont ro l  vo lumes  with the spatial  intervals  of  Ar and 
Ab in the radial  and axial direct ion,  respectively. Each  con-  

trol  vo lume  consis ted of  a ring with the rec tangula r  cross 
section ofAr  �9 Ab. Ar was selected to be 0.5 cm near  the inner  
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Fig. 14. Time history of liquid kinetic energy in test drums with 
B = 6 cm during the starting process 

and outer radial  walls and 1.0 cm for the radial  space in 
between. The axial space between the midplane at b = 0 and 
the side wall at b = B/2 was uniformly divided at intervals 
Ab of 0.5 cm. The velocity of each r ing-shaped control  vol- 
ume was represented by the velocity at the center of the 
(Ar �9 Ab) rectangle. It varied with time. Let Am be the mass 
of each control  volume. Am is then equal to 

Am = r �9 0.01 - 0.005 

o r  

Am = ~ 2 g r .  0.005 �9 0.005. 

The fluid momentum in each control  volume, AM, is 

AM = Am.  u. 

Its integral over any time t represents the instantaneous 
momentum M. Similarly, the kinetic energy of each control  
volume is 

AE = 1 / 2 . A m u  2. 

Its integral over the time becomes the instantaneous kinetic 
energy E. Both M and E are t ime-dependent.  

Figures 13 and 14 illustrate M/M~ and E/Es, respectively. 
The subscript s refers to the quant i ty  at steady state, while 
t~ is the time required to achieve the steady state. Both the 
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Fig. 15. Time history of wall-to-fluid force transfer in test drums 
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ity and kinematic viscosity 

momentum and kinetic energy of the liquid responded expo- 
nentially with time. 

3.5 Wall-fluid force transmission 

Both the momentum and kinetic energy are supplied from 
the inner and outer  radial  walls and the side walls of the 
below drum. Therefore, the force supplied from the walls, F, 
can be expressed as the time derivative of the  liquid momen-  
tum, i.e., F = dM/dt. F was then determined by the slope of 
the M - t plot. The result for the starting process is illustrat- 
ed in Fig. 15. Eighty percent of the force was transferred to 
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the fluid linearly with time in less than one-third of the 
transient time ts, resulting in a very rapid response of the 
flow system. 

3.6 Transient response time 

The transient time t~ is related to the volume Vand surface 
area A of the hollow drum as well as the liquid property. The 
ratio, H = V/A, is the characteristic length of the drum for 
transport phenomena. A straight line is obtained when 
a = ts/H and the kinematic viscosity v are correlated on a 
log-log plot (Fig. 16). The reciprocal of a, namely Hits,  may 
be considered as the characteristic velocity of the flow sys- 
tem. It is logical to have a unique relationship between the 
characteristic flow velocity and the fluid viscosity. 

4 Conclusions 

The unsteady flow inside a rotating hollow drum is studied 
during the starting and stopping process by means of LDV. 
Pure water and glycerine-water mixtures are used as the 
liquid with polyethylenelatex particles as the light scattering 
medium. It is concluded that: (i) In both the starting and 
stopping processes, transient boundary layer phenomena 
are exhibited near the inner and outer radial walls as well as 
the side wails of the test drum. These boundary layers are 
referred to as Ekman layers. (ii) During the initial stage, one 
reveals flow instability (alternation of forward and reverse 
flows) in the Ekman layer near the inner radial wall. The 
centripetal acceleration gives rise to buoyancy force which 
induces the instability. A rapid reduction in the angular 
velocity with time causes a rapid decay of the instability. (iii) 

The transient response time of the sealed rotating cavity 
reduces with an increase in the surface area of the cavity and 
the fluid viscosity. (iv) Both the momentum and kinetic 
energy of the liquid respond exponentially with time. (v) The 
wall-to-fluid force transfer is very rapid during the initial 
stage of the transient, causing a rapid flow response in both 
the starting and stopping processes. (vi) The characteristic 
velocity of the flow system is found to be uniquely related to 
the fluid viscosity. 
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