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In the present paper, fluid flow and convective heat transfer between two co-axial disks rotating independently 
are dealt with mainly based on the author's recent research on that topic. Three rotational modes, i.e. co-rotation, 
rotor-stator, and counter-rotation, are considered. Theory of rotating non-isothermal fluids with the presence of 
disk rotation and thermal effects is addressed. Rotational buoyancy effects on the flow structure development are 
highlighted. Results of flow visualization and heat transfer measurements are discussed to explore the thermal 
flow mechanisms involved in the two-disk flows at various rotational and geometric conditions. Potential issues 
open to the future investigation are also proposed. 
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Introduction 

Rotating-disk flow is one of the most attractive 
topics in fluid dynamics. The rotating-disk flow 
configuration, e.g., two coaxial disks, is simple in 
geometry but complex in flow physics. With this fact, 
this class of disk flows can serve as an appropriate model 
in dealing with the fundamentals of rotating fluids. On 
the other hand, from the practical point of view, disk 
configurations have been applied in a number of rotating 
machinery/devices working with fluids, e.g. rotating heat 
exchangers, disk-type contactors, rotating-disk-type 
reactors for metal-organic chemical vapor deposition 
(MOCVD) of thin film, computer disk storage devices, 
turbine and compressor disks of turbomachinery etc., in 
which the thermal-flow behaviors have significant 
influences on the system performance. 

The rotating-disk flow is actually an old topic in 
fluid dynamics. In 1921, von Karman [1] studied the 
swirling flow behavior around a disk rotating in 
quiescent fluids by performing a similarity analysis. 
Later on, the similarity analysis was extended to deal 
with the flows between two infinitely large coaxial disks 
by Batchelor t2] and Stewartson t3~. Two theories proposed 
distinct descriptions of flow structure for rotor-stator and 
counter-rotating disks. The controversy between the two 
theories lasts a long time until the successive works 
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made clarification. 
The applications of rotor-stator disks encompass a 

wide range. Besides that associated with slow rotating 
devices, e.g. MOCVD reactors and computer disk driver, 
applications to turbomachinery are of great importance. 
Lots of efforts have been endeavored towards this area. 
Owen and Rogers t41 published a monograph to collect the 
research results of the earlier works (up to 1989) on flow 
and heat transfer associated with rotor-stator systems. To 
examine the characteristics of instabilities and the 
transition process to turbulence in flow between a rotor 
disk and a stationary casing, Itoh et al. tS~ and Schouveiler 
et al. E61 visualized disk plane view flow patterns and 
found coexistence of annular and spiral waves at 
rotational Reynolds number lies in the transitional flow 
regime. Geis et al. ET~ performed the laser-doppler 
anemometry (LDA) measurements to study flow 
structure in a double-shrouded rotor-stator cavity with 
perturbed rotor surface. Recently, Soong et al. tsl 
conducted an experimental work, by employing heat 
transfer measurements as well as smoke flow 
visualization, to study external fluid ingestion into a 
shrouded rotor-stator system at various conditions. A 
flow visualization study on flow structure at various 
conditions is also conducted t91. 

In the monograph I41, it is found that only average 
rather than local heat transfer data were published before 
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1989. Chyu and Bizzak [1°1, by using mass-heat transfer 
analogy based on naphthalene sublimation, examined the 
effects of radial gap clearance and axial gap spacing on 
local heat transfer in a shrouded rotor-stator system. 
Bunker et al. t1~'~21 used thermochromic liquid crystal 
technique to measure local heat transfer in a rotor-stator 
system with hub injection of coolant. Through a narrow 
tube of 5 mm in diameter at the stator center, a coolant 
jet at velocity of O (10 2 m/s) impinges onto the center 
of the rotor surface. Radial distribution of local heat 
transfer rate shows local heat transfer rate decreases from 
stagnation point in inboard region (small radius); while 
in outboard region (large radius) the heat transfer 
performance is enhanced by the rotational effects. Kim 
and Kleinman [131 also employed liquid crystal technique 
to study local heat transfer and cooling effectiveness of a 
rotor-stator disk system. In their experiments, a coolant 
jet at velocity around 80 m/s was supplied from an inlet 
pipe of 7.9 mm in diameter from the stator side. Chen et 
al. [14] performed both measurements and numerical 
predictions by an elliptic solver with low-Re k - c  
turbulence model for flow and heat transfer in a shrouded 
rotor stator system. 

By using LDA technique in flow visualization and 
the flow fields measurements in shrouded co-rotating 
systems, the phenomenon of  the Ekman layer and 
pumping, the ingress of external fluid ~151, inner region of 
solid-body-like rotation, outer region of large 
counter-rotating vortices, and a boundary layer region on 
the shroud [16'17], mean and root-mean-square of the 
circumferential veloci@ TM were studied. Mochizuki and 
Inoue [19], in their experimental work, addressed 
self-sustained oscillations in a radial throughflow 
between open co-rotating disks. With the presence of an 
axial throughflow, the flow and heat transfer inside 
heated rotating cavities for a wide range of gap-ratio, 
rotational Reynolds number, axial Reynolds number 
were investigated by Fathing et al. [2°1. In 1995, Owen and 
Rogers [211 published another volume of rotating-disk 
flow and heat transfer with emphasis on rotating cavities. 
For configuration of computer storage system, numerical 
predictions for 2-D and 3-D flow structures between a 
pair of co-rotating disks were performed [22'23] and LDA 
measurements for vortical flows with/without slide-arm 
obstruction in a shrouded co-rotating system was carried 
out [24]. 

For counter-rotating disks, Dijkstra and van 
Heijst's E251 numerical results disclosed that a stagnation 
point appears at the slower-rotating disk as the disks 
rotate in opposite senses with the rate difference of the 
two disks above 15%. Duck [261 discussed effects or 
rotation rates and Reynolds number on the flow patterns 
and the position of the stagnation point. This stagnation 
point is associated with a two-cell structure in the 

cross-sectional view of the gap region. Recently, Gan et 
al. [27'28] and Kilic et al. [29'3°] studied the flow between 
counter-rotating disks at various ratios of rotating rates 
of two disks by finite-volume computations of turbulent 
flow. They concluded that the main effect of a 
superposed flow is to reduce the core rotation and to 
promote the flow transition from Batchelor-type to 
Stewartson-type. Hill and Ball ~31'32] presented results of 
direct numerical simulation of  forced convection flow 
and heat transfer. Their numerical results also found the 
stagnation point on the slower-rotating disk, which is 
consistent with the results of Kilic et al. [29]. Gan and 
Macgregoz I331 measured the velocity field in rotor-stator 
and counter-rotating disk systems without superimposed 
throughflow and concluded the Batchelor-type flow for 
the rotor-stator flow and Stewartson-type flow in 
counter-rotating disk systems. However, among the 
existing numerical predictions for counter-rotating disks, 
only that by Soong and Chyuan [34] considered rotational 
buoyancy effect. 

Due to their wide applications in rotating machinery, 
rotor-stator and co-rotating disks at the same rate have 
been extensively studied in the past decades. The 
thermal-flow between disks of counter-rotation received 
relatively less attention. As to the other rotational 
conditions, i.e. two disks rotating at different rates in 
co-rotation or counter-rotation mode, little information of  
flow and heat transfer exists. Also, due to the difficulties 
in measurements on rotating-disk systems and the 
diversity of the possible boundary and operating 
conditions, study on local heat transfer in rotating disk 
systems still need more efforts. Additionally, in practical 
applications of the rotating disk configurations with 
thermal effects involved, rotation-induced buoyancy 
effect may be important in certain situations. In the 
following text, based on some recent studies of the 
present author, the issues mentioned above are to be 
addressed and potential topics for the future investigation 
are also proposed. 

Theory of Non-Isothermal Flows Between 
Rotating-Disks 

Most of the earlier works on two-disk flow were 
concerned with hydrodynamic characteristics only. 
However, as temperature gradient emerges, the flow field 
will be inevitably influenced by the thermal effect. In 
non-isothermal flow, the presence of fluid-temperature 
gradient and body forces or rotational forces result in 
thermal buoyancy effects, see Fig.l, which may modify 
the fluid motion and alter the related heat transfer 
performance I351. The rotational buoyancy effect was 
advocated in an early study of Ostrach and Braum [361. 
Either employing compressible flow equations or 
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Fig.1 Rotational buoyancy effect in rotating-disk flows 

invoking Bousinnesq approximation can model this class 
of variable-density flow. 

For the simplicity in analysis, the Boussinesq fluid 
model has been extensively employed in the past decades, 
for example, the theoretical works on infinitely large 
disks without throughflow in Hudson [37], Chew [38], Soong 
and Ma [39], Soong [4°1, Soong and Chyuan [41'42], Soong et 
al. [431 and the numerical computations for mixed 
convection between two co-rotating finite disks with 
effects of radial throughflow and centrifugal buoyancy in 
Refs.[44, 451. 

Navier-Stokes /Bouss inesq  equat ions  for non-  
i so thermal  rotat ing-disk f lows 

In this section, equations useful for modeling the 
non-isothermal rotating disk flows are formulated. 
Fig.2(a) shows the schematic diagram of two disks 
rotating independently. A cylindrical rotating frame (R, Z) 
is fixed on disk 1 and rotating with it. Let the condition 
of disk 1 be the reference and ~ 1 > 0 in the sense of the 
rotational speed vector. Positive, zero, and negative 
values of the rate of the disk 2, f~2, stand for the 
conditions of co-rotation, rotor-stator, and counter- 
rotation of the system, respectively. The rotational forces 
exerted on moving fluid particles near the two disks are 
indicated. It is assumed that the gravitational force and 
the stress work effects are negligibly small. The flow is 
assumed laminar with constant properties and 
Boussinesq approximation is valid. The linear 
density-temperature relation, p = p~ [1 - f l (T-  T,.)], is 
employed for accounting the rotational buoyancy effects 
induced by the body forces. The subscript r denotes the 
reference condition at disk 1, and the parameter 
fl = -(Op / aT) p / p~ is the thermal-expansion 
coefficient. For the non-body-force terms, the fluid 
density is regarded as an invariant and expressed as that 
at reference condition, p~. With the above 
considerations and approximations, the unsteady form of 
Navier-Stokes/Boussinesq equations for non-isothermal 
flow can be formulated as follows: 
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( OU OV V OU + wOU] = -iij 
V 2 OPa 

p~ [1 -/~(V - V~)] - -  
R OR 

p~ f l ( r -  Tr )RO~ + ,Or [1 - fl(T - Tr ) ]2~1V + 

8 [I O(RU)I 1 02U 2 c3V OeU; 
. . . .  ÷ (2) /.t -j R20 2 0z2j 
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where Pd-  P-Pr is the difference between local 
pressure and the reference and VPr = - P r ~ l  x (~1 x R) 
is the conservative part of the pressure field. Some of the 
previous studies considered buoyancy effect induced by 
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the centrifugal forces only, which is referred to as 
centrifugal-buoyancy (CB) model hereafter. In CB model, 
only the density variation in the term -pO1 x (¢21 x R) 
or Rf22 of the radial momentum equation is 
considered. 

(a) Rotational forces on fluids near disks 

i doid-body rc~a~on 

~ f l l  (b) F= 1 orT=O 

f12=0 
f 

~ f l l  (c) F=O or7  =-1 

fl2 ='Q1 

I C -  

01 (~ F= -1 or T =-2 

R 

R 

R 

Fig.2 (a) Infinite disks model, coordinates, 
and the components of rotational force, 
(b-d) isothermal flow structure of gap-view [9] 

Similarity equations for infinitely large disk 
systems 

For exploration of fundamentals of the two-disk 
flows, assumptions of axisymmetric flow and infinitely 
large disks can be invoked to facilitate analysis. By using 
the following dimensionless variables and parameters, 

r = ~ l t ,  r I = Z / S ,  F(rl, r ) = U / R f 2 1  

G(r/, v) = V / R~I ,  H(r/, r) = W/(1&r21)1/2 

O(rl, r ) = ( T - T i ) /  ATc, P r = v  / a 

R e = S 2 ~ I  / v ,  B = flATc (6) 

and the definition of characteristic temperature difference 
defined as ATe ---T2- T1, the above equations can be 
cast into either steady-state form [41], 

H,m, m = Re]/2HH,m,7 + 

Re3~ 2 [(1 + G)G~ - B(G~O + GO~ )] - 2BRe3/20~ - 

2BRe3 / 2 G( 2G rlO + G O~ (7) 

G~v = Re 1/2 [HG~ - (1 + G)H~ + BHvO + BGH~O] (8) 

077 = PrRel/2 HO~ (9) 

or, the following time-evolution form [43]: 

Hrerl = Re-I Hqqe~ - 4 R e  1/2 (1 + G)Grl - 

Ret/2HH,m~ + 2BRet/20,7 +4BRe 1/2 

(OG~ +GO,7)+ 2BRet/ZG(2OG~ +GO, 7 (10) 

G~ = Re -1 G, m _ Re-l~ 2 ( HG, l _ H ,  7 G - 

Hq  + BOH, 1 + BOGHq / 2) (11) 

Or = (PrRe) -1 O, m - Re -1/2 HO~ (12) 

For steady flow, the boundary conditions of H, H~,  G, 

and 0 : 

H ( 0 )  = H~  (0) = H(1) = H ~  (1) = 0 

G(0) = G ( 1 ) -  r = 0 

0 ( 0 )  = 0 ( 1 ) - 1  = 0 (13) 

are posed on the two disks, where 
y - f22 / f21 - 1 = F - 1 For time-dependent flow, 
additional initial conditions need to be prescribed. 

The above thermal-flow models were developed 
based on the Navier-Stokes/Boussinesq equations (1-5) 
with consideration of all rotational buoyancy effects (RB 
models for brevity). 

Scaling analysis of rotational buoyancy effects 
In the previous work tall, the buoyancy effects 

stemming from each component of body forces were 
examined in detail. The radial components of body 
forces consist of the centrifugal and Coriolis forces due 
to disk rotation, and the centrifugal force due to 
curvilinear motion of the fluids, viz., 

- p r f l ( T  - Tr ) R ~  2 "~" - Pr flATcR f22 (14) 

-prfl(T-Tr)g 2/R ~-prflATc V2/R (15) 

- p r f l ( T - T r ) 2 ~ l V  ~ - p r f l A T c 2 ~ l V c  (16) 

Tangential components of buoyancy forces induced by 
the curvilinear motion of the fluids and the Coriolis force 
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are, respectively, 

p r f l ( T - T r ) U V / R  ~ p r f l A T c U c V c / R  (17) 

p r f l ( T - T r ) 2 ~ t U  ~" p r f l A T c 2 ~ l U c  (18) 

With tangential velocity V = R ( ~ - ~ I )  in terms 
of the similarity variable, G = V I R f ~ I  = ( R ~ - R ~ I ) /  

Rf~l = ( f ~ - f ~ l ) / ~ l ,  and normalizing the above force 
components by a reference quantity of centrifugal 
buoyancy, prf lATcRf~ 2 , finally, the order-of-magnitude 
of the buoyancy components listed in Eqs.(14~ 18) can 
be scaled as -1, - [ ( f ~ - f ~ l ) / ~ l ]  2 = - G  2, 
- 2 ( f 2 - f 2 t ) / ~ ] = - 2 G ,  2/Ro, and 2 [ ( f ~ - f ~ ] ) / ~ ] ] / R o  

= 2G/Ro, respectively. 
For F = I  (or y = - I  ), Soong [4°1 proposed a 

correlation of the Ekman layer thickness, 
6 ~ / S = 0 . 7 8 2 R e  -1/2 with CB model of similarity. 
Based on the analysis by Soong and Chyuan [4al, 
comparing to the radial centrifugal buoyancy, the 
order-of-magnitudes of the other radial components are 
negligibly small. It implies that in the co-rotating disk 
systems the major contribution to the rotational 
convection is the centrifugal buoyancy induced by 
system rotation. On the other words, the CB model is a 
good approximation for F = 1. 

As the two disks rotating at different rates and/or in 
different senses, the rotational forces caused by the two 
disks become more complicated. In the case of two disks 
rotate at different rates, even the flow is isothermal, a 
fluid motion can be driven. Therefore, between two 
independently rotating disks, the rotation-induced flow is 
driven by two mechanisms. One is the unbalanced 
pumping effect in Ekman layers on the two disks; the 
other is the rotational buoyancy effect. The tangential 
velocity of the fluid and the local buoyancy effect could 
be spatially different in the flow field. The buoyancy 
induced by other components of rotational forces may 
become important. As the two disks rotating at different 
rates, therefore, thermal buoyancy effects stemming from 
all the rotational forces components have to be included 
in the analysis t4q. 

Disk rotation-induced buoyancy effects on 
thermal-flow characteristics 

Figs.2(b) ~2(d) display the gap-view of isothermal 
flow structure. The flow patterns are characterized by 
solid-body rotation, single-cell, and two-cells for the 
cases of F = I ,  0 and -1 (or y = 0 , - 1 ,  and -2), 
respectively. Fig.3 shows qualitatively the centrifugal 
buoyancy effects on the flow structures predicted by 
using CB model [4°]. By directly modifying the velocity 
profiles, the buoyancy has more remarkable influences 
on the friction factors but relatively weak effects on heat 
transfer rates jail . In agreement with the scaling analysis, 

solutions of similarity models also demonstrate that the 
rotational buoyancy has little effect on the flow between 
co-rotating disks at F = I .  For two disks rotate 
independently, the deviations between results of the CB 
and RB models increase with Reynolds number, Re. 

~Z B<O 

t Z B>o 

r 

(t) co-rotattuE dha:  (7= O) 

B<O 

(b) Counter-rotAtlnS disks ( 7 = - 2 )  

19>0 t Z B<O 

(o) R o ~ r - ~ t ~ r  ~ (7 = -1) 

B 

Fig.3 Sketches of gap-view flow structure in infinitely large 
(a) co-rotating, (b) counter-rotating, and (3) rotor-stator 
disk systems under influences of centrifugal buoyancy E4°] 

In a study of disk flow of time-dependence arose 
from disturbance from one of the disks, the results 
revealed that the rotational buoyancy affects responses of 
the flow field [43]. External fluctuations of low frequency 
and/or high amplitude lead to a larger amplitude of the 
response oscillation, which can be regarded as a sign of 
destabilization. Rotating-disk flows at B<0 produces a 
flow field response of relatively larger amplitude than the 
counterpart cases with B _< 0 [43]. As for the thermal flow 
instability in a rotor-stator system, Soong and 
Tuliszka-Sznitko E46] and the successive works E47' 481 of 
linear stability analysis disclosed the noticeable effects of 
thermal Rossby number on the onset condition and the 
related parameters such as critical wave number, phase 
speed, wave angle, etc. 

In finite disk systems, numerical computations have 
been used to study the thermal-flow characteristics. For 
example, Soong and yan[44,451 studied mixed convection 
flow and heat transfer between two heated co-rotating 
disks with consideration of centrifugal buoyancy effect. 
For flow between a shrouded counter-rotating disk 
system, Soong and Chyuan's predictions C341 showed the 
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influence of buoyancy on the thermal flow behaviors, see 
Fig.4. Although the flow model they used only includes 
centrifugal buoyancy and more profound and refined 
calculations need to work on, this preliminary 
calculations for parametric study still provided clues of 
the role of buoyancy effect playing in the 
counter-rotating systems. 

In finite disk systems, numerical computations have 
been used to study the thermal-flow characteristics. For 
example, Soong and Yan [44'45] studied mixed convection 
flow and heat transfer between two heated co-rotating 
disks with consideration of centrifugal buoyancy effect. 
For flow between a shrouded counter-rotating disk 
system, Soong and Chyuan's predictions t34~ showed the 
influence of buoyancy on the thermal flow behaviors, see 
Fig.4. Although the flow model they used only includes 
centrifugal buoyancy and more profound and refined 
calculations need to work on, this preliminary 
calculations for parametric study still provided clues of 
the role of buoyancy effect playing in the 
counter-rotating systems. 

Experimental Study 

An experimental apparatus has been designed and 
constructed for a series studies on two-disk flow and heat 
transfer characteristics. Fig.5 shows a schematic diagram 
with the major components indicated. The experimental 
apparatus consists of four major parts: (a) coolant air 
supplier, (b) power section, (c) test section, and (d) 
measurement and data acquisition system. Each of these 
subsystems will be described below. 

The air was pumped by an air compressor into a tank 
of 360 liters in volume. Then the air passes through a 
refrigerated air dryer, which used to cool and dry the air, 
and then flows through the hollow shaft of the upstream 
disk. The shaft is of a 40mm inner diameter with a 
honeycomb as flow straightener into the wheelspace 
between the disks. The flow rate was measured by a 
rotary-meter with an accuracy of approximately 3 
percent. 

Two disks of each test model are driven separately 
by two three-phase AC electric motors. Each motor is 

stre mlioe   herms 

(a) (F ,Ro ,  Gr)=(-1, O.l,O) 

(b) (F ,Ro ,  Gr)=(-1, O.1, 104 ) 

(c) ( F ,  Ro, Gr) = (-1, 1.0, 0) 

(d) ( F ,  no, Gr) = (-0.5, 1.0,0) 

(e) (F ,Ro,  Gr) = (-0.5, 1.0, 10 4) 

Fig.4 Streamlines and isotherms in a shrouded counter-rotating disk system at 

Rez = 100,So = 0.1. Note : Rez - WoS /v ,  Ro - f l l S  /Wo, Gr - (~lS)fl(Tw - T o ) S  3 / v  2134j 
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(i) Air compressor 
(~) Tank 
(~ Air dryer 
(~) Regulation valve 

(~) Turbine fiowmeter 
(~ Rotating union 
(2) Power slipdng 
(~ Platform 

(~ Rotating shaft 
~) AC motor 
(~ Removable frame 
~) Inverter 

(~) Data logger ([~) Power supply 
~) Test section ~) Tachometer 
(~ Radio Modem ~) Thermocouple 
(~ Personal computer 

o ° 

Fig.5 Experimental apparatus for study 

equipped with an inverter, by which the rotating rate and 
sense of the individual disk can be controlled 
independently. The rotating shaft and supporting bearing 
system are horizontally mounted on a rigid, heavy steel 
platform. To detect the rotating rate of each disk, two 
photoelectric tachometers are installed. The maximum 
rotating rate of  the present rotating disk apparatus is 
around 2500 rpm. Details of the test sections and 
instrumentation are described later. 

Flow visualization and test models 
With minor modification, the experimental apparatus 

can be used for flow visualization study. An open disk 
model assembly of radius Ro = 100 mm and a shrouded 
one of Ro = 150 mm are studied for exploration of 
fundamental flow mechanisms between coaxially 
rotating disks with and without the presence of shrouds. 
For observation and video camera recording one of the 
two disks in model assembly is made of 10 mm thickness 
transparent acrylic plate. The tracer for visualizing fluid 
motion is the paraffin mist from a smoke generator and 
bleeds slowly into the wheelspace through an opening at 
a location near the center of one of  the disks. To explore 
the pure rotational effects as well as ensure the quality of 
the observation, throughflow is not considered. An 
argon-ion laser beam is turned into a light sheet and 
employed as the light source for the visualization. 

In the most recent work [9], the parameter range 
encompasses three gap ratios, G = S / R o  =0.08,  0.1, 
and 0.13; rotational Reynolds number Ref~=Ro2ff2/V 
of O(103 ) - O(104 ) and the rotating rate ratio 
-1.2 < F _< 1.2 are investigated. 

of thermal-flow between two coaxial disks 

Visualization of flow structure between two disks 
Fig.6 shows schematic diagrams with characterizing 

features marked as a summary of the visualization 
results Egl. It is disclosed that, for open disk systems, 
co-rotating disk flows are characterized by an inboard 
core region of solid-body rotation, outboard vortical flow 
region, and Ekman layers over disks with the presence of 
the vortex chains in gap-view of the two-cell flow 
structure. Rotor-stator flow presents annular and/or spiral 
rolls on rotor disk plane, and Ekman layer on rotor disk 
in gap flow of single-cell structure. As for the 
counter-rotating disk systems, the vortical flow structure 
is of more complexities due to the action of sophisticated 
rotational forces. Unlike the flow in co-rotating systems, 
the flow between counter-rotating disks encounters large 
tangential shear stemming from opposite tangential 
Coriolis force near two disks. The fluid mixing 
characteristics are quite good and the premature 
turbulence can be expected in a disk system of 
counter-rotation. 

From the pictures in Fig.7, it is found that the 
presence of the shrouds alters the flow structure near the 
disk rim tsl. The observations further reveal that the 
symmetric shrouds attached on the disk tim influences 
the co-rotating disk flow structure mostly. The 
qualitative nature of  the flow structure in a co-rotating 
shrouded disk system is characterized by the presence of 
relatively larger vortices near the rim. As to a rotor-stator 
system, the shroud on disk rim is helpful to the formation 
of the large-size re-circulation in gap-view. In a counter- 
rotating system with rim shroud, the strength of the 
vortex chain is reduced for less external fluid ingested. 
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Fig.6 Summary of flow patterns in disk plane-view and gap-view [91 

Shrouded Disks 
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Z 
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F = - t  

For counter-rotating disks at different rates, the 
observations demonstrate the emergence of a stagnation 
point on the slower-rotating disk in open as well as 
shrouded systems. The phenomenon is more clearly seen 
in the disk system with a large gap-ratio. As the rate-ratio 
1-" varies from -1 to 0, the stagnation point moves 
radially inward from the rim to the hub and the gap-view 
flow mode transfers from two-cell to single-cell 
structure. 

These results corroborate some flow natures in 
co-rotating or rotor-stator systems reported in literature. 
Meanwhile, relatively novel results of flow visualization 
between counter-rotating disks and disks rotating at 
different rates were also disclosed. 

External fluid ingestion in rotor-stator systems 
In a rotor-stator system, rotor disk tends to pump the 

fluid radially outward via action of viscous and rotational 
forces, which accelerates the fluids adjacent to the rotor 
disk but decelerates the fluids near the stator disk. In the 
case of fast rotating disk, the fluids pumped out of the 
wheelspace is more than that provided from the entry 
coolant flow, the external gas will be ingested along the 
stator side through the spacing between the clearance at 
rim. In a practical application of turbomachinery, the 
external gas flow is a high-temperature gas stream from 
combustors. The hot gas ingestion is damage to the 
cooling effectiveness of the turbine disks. 

The external fluid ingestion has been studied by 
visualizing the flow patterns near the rotor-stator disk 

rim. Under the same throughflow Reynolds number, 
Re z = 2000, and thermal Rossby number, B=0.034, the 
flow patterns in Figs.8(a) and 8(b) at Ree =4.3x104 
and 5.9x104 , respectively, display the ingestion can be 
promoted by increasing Ree. However, with Rez 
increased to 3000 in Fig.8(c), the ingestion fluid is 
purged out. It demonstrates that the enhancement of the 
forced flow may delay the occurrence of the ingestion. 
Comparison of Figs.8(c) and 8(d) shows that the higher 
thermal Rossby number may lead the external fluid 
ingested into the wheelspace. 

Basically, the strong coolant flow can suppress the 
gas ingress, but the rapid rotation of the rotor disk and 
the centrifugal buoyancy may induce premature 
occurrence of the unfavorable ingress phenomena. The 
flow maps in Figs.8(e) and 8(f) are the summary of the 
critical condition deduced from the heat transfer 
measurements and flow visualization results [8]. 

Heat transfer models and measurements 
The heat transfer model of two open disks had an 

outer radius of 100 ram. The two disks are instrumented 
with embedded  copper-cons tantan  thermocouples  
(TT-T-30-SLE type) of 0.25 mm diameter for surface 
temperature measurements. On the casing of each disk, 
temperature measurements at 7 radial locations are 
performed and used to estimate convective heat loss 
from the outer surface of the model assembly. For heat 
transfer surface temperature measurements, there are 21 
thermocouples on the upstream disk and 41 on the 
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downstream disk including 1 stagnation point at the 
center of the disk. Two thermocouples are installed on 
the shaft of each disk, the measurements are used to 
estimate axial conduction heat loss through the shaft. The 
inlet temperature of the dried air is measured by a 
stationary thermocouple located upstream of the inlet of 
the wheelspace. The bulk fluid temperature, Tb, at each 
radial location is not measured but estimated based on 
the principle of thermal energy balance. To check the 
validity of the estimation, the value of Tb at a location 
near the exit, i.e. R/Ro = 0.9, is measured by 6 
stationary thermocouples at two azimuthal locations 180 
degrees apart. The throughflow Reynolds number is 

fixed as Re = 104 ; while the rotating rates of ~ = 500 
~ 2000 r/min and the disk spacing, G = S/Ro = 0.08, 0.1, 
and 0.13 are considered. 

The thermocouple signals on the rotating disks were 
taken by the ADVANTECH ADAM-4018 slave radio 
modem modules (accuracy within + 0.1%). Through a 
wireless transmission to the ADAM-4550 master radio 
modem module and then through a RS-232 the signals 
are finally sent to the personal computer for monitoring 
and controlling of the experiment. In addition, the signals 
from the stationary thermocouples, e.g. at the exit 
location, are taken by the YOKOGAWA DA-100 and 
DS-600 data logger connected to the personal computer. 
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As all of the surface temperature signals vary within 
a range of _+0.5°C in 3 minutes, the steady state 
condition is assumed. Typically, it takes about 3 to 4 hrs 
to reach the steady state for the system starting from idle 
condition. After that, the test condition is changed to a 
new one and usually the system reaches the new steady 
state in a relatively shorter period, e.g. 30 rain. 

Data reduction and uncertainty analysis 
Considering energy balance along the radial 

direction and heat losses by conduction, convection and 
radiation, the bulk mean fluid temperature, ATb, and the 
net heat addition to upstream and downstream disks, 
q net,u and q net,d ' can be evaluated. The local heat 
transfer coefficients, h, and Nusselt number, Nu, on the 
upstream and downstream disks are determined by the 
following formulas 

hu = q n e t , u / ( T w , u  - Tb ) ; 

hd = qnet,d /(Tw,d - Tb ) (19) 

Nu. = h,,R/ k = q.et,.R/(Tw.,, -Tb ) 

Nua = hdR I k = qnet,dR/(Tw,d -Tb ) (20) 

The uncertainty analysis is performed based on the 
approach for standard single-sample data in Ref. [49]. 
The uncertainties in axial Reynolds number, rotational 
Reynolds number are _+3.16%, _+2.24%, respectively. 
In the worse case of Rez = 104 and the largest rotational 
Reynolds number, Req~ = 1.4×105 , the lowest 
wall-to-coolant temperature difference occurs and the 
mean wall temperature of the upstream disk was about 
58 o C .  The uncertainty in local Nusselt number is about 
12%. 

Measurements of local heat transfer rates 
Validation of the measurements. The heat 

transfer rates in two-disk systems are strongly dependent 
on local heat flux and wall temperature distributions on 
both disks. Therefore, even for the same two-disk 
configuration, it is quite difficult to make comparison 
between two different experiments in which the heating 
conditions and the wall-temperature distributions for 
each are distinct. To verify the experimental and data 
reduction procedures, theory of a rotating free-disk with 
a power-law wall-to-ambient temperature difference 
ATc =Tw-T~  =cR n [50] is a good reference for 
comparison. The correlation for the local Nusselt number 
in transitional and turbulent flow regimes can be 
obtained, 

Nu -- 0.0197(n + 2.6) 0.2 Pr °'6 [Ree (R / Ro)2 ]0.8 (22) 

The local Nusselt number distribution in radial 
direction can be calculated with the known values of n 
and Redo (c is a constant but not appears in the 
Nu-correlation). The correlation, Eq. (22), is usually 
employed as a reference for verification in experimental 
works, e.g., in a recent work [51]. 

Fig.9 shows comparison of the measured local 
Nusse l t  numbe r s  [52] wi th  D o r f m a n ' s  t heo ry  at 
Re~ =6.97x10 4, 1.04x105 and 1.4x105, where the 
f i r s t  one l ies in l a m i n a r  and the las t  two in 
transitional/turbulent flow regimes. It is found that the 
present data at higher Ree in transitional/turbulent 
flow regime exhibit quite reasonable agreement with the 
theory; while at low value of Re~ = 6.97 x 10 4 , the data 
deviate considerably from the theory. The same trend 
was observed in [51]. The theory without considering 
natural convection might be the major reason since the 
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Fig.9 Comparison of the measured local Nusselt numbers C521 
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buoyancy effects could be significantly influential in a 
slow rotation case. In outboard region, 0.8 < RIRo < 1.0, 
the discrepancies are attributed to the finite dimension of  
the disk. 

L o c a l  h e a t  t r a n s f e r  o f  r o t o r - s t a t o r  s y s t e m .  
Fig.10 shows local Nusselt number ratio normalized by a 
r e f e r e n c e  q u a n t i t y  fo r  d i sk  at rest .  Th i s  ra t io  
characterizes heat transfer enhanced by the rotational 
effects. To explore the influences of  the disk rotation on 
heat transfer, two modes of  rotor-stator are considered. 
Mode A stands for the case of  the upstream disk rotating 
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Fig.10 Local heat transfer on rotor-stator system of mode 
A: upstream disk rotating and downstream disk at rest, and 

mode B: downstream disk rotating and upstream disk at rest t521 

and the downstream disk stationary. While in mode B, 
the upstream and downstream disks exchange the roles 
and act as stator and rotor, respectively. It is observed 
that heat transfer of  rotor always better than that on stator. 
Rotational effects become more noticeable in the outer 
board region, i.e. R~ Ro > 0.5.  The data for system at 
gap-ratios G = 0.08 and 0.1 are relatively close to each 
other and higher than the data at G = 0.133. The 
closeness of  the stator disk influences fluid flow and in 
turn alters the heat transfer performance. 

Local  heat transfer of  disks with different senses. 
Fig. l l  is a comparison of  local heat transfer rate on 
rotating disk systems of  different values of  F .  The data 
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for the stationary disks are also displayed. The upstream 
disk serves as a reference, the downstream disks rotates 
at various rates ranging from +500, +1000, +1500, 
+_2000 r/rain, i.e. F varies from 1 to -1. It is reasonable 
that the heat transfer increases as the value of Irl 
approaching to unity. At the same rates, the 
counter-rotating disks have slightly higher heat transfer 
rates than the co-rotating disks. 

The better mixing phenomena by the action of the 
tangential Coriolis force couple in the case of 
counter-rotating disks could be the major reason. 

Concluding Remarks 

The present paper has addressed fluid flow and heat 
transfer characteristics between two coaxial disks 
rotating at various rate ratios. The recent results of the 
present author were mainly concerned. Although we 
have made a lot of efforts on this class of rotating 
thermal-flow configurations, further investigations are 
still needed. Some topics worthwhile investigations are 
proposed as follows: 

1. Thermal-flow mechanisms at various rate-ratios 
need to be further explored. The complexities stem from 
the interaction and competition of the rotational forces 
by the two disks are not very clear. Transport phenomena 
in mixed convection flow and heat transfer with the 
presence of rotational buoyancy worthwhile to be 
investigated. The rotational buoyancy assisting and 
opposing effects on the thermal flow adjacent to the wall 
could interact with the wall turbulence and the resultant 
effects must be very distinct from the buoyancy effects in 
laminar and transitional flows. The details of the 
coupling nature are not completely understood. 

2. So far, only limited works on thermal flow 
instability in a rotor-stator system under influences of the 
disk-rotation-induced buoyancy have been conducted. 
Instability phenomena and mechanisms associated with 
other rotating-disk configurations at various rotational 
and thermal conditions are also significant in this field. 

3. In an extreme but significant area such as 
turbo-engine applications, high throughflow Reynolds 
number, high rotating rate, and high temperature all tends 
to promote turbulence in the flow field. Numerical 
simulation of the rotating, non-isothermal, turbulent flow 
needs reliable turbulence model with inclusion of the 
rotational buoyancy effects. To develop turbulence 
model and numerical techniques is significant in 
improving numerical prediction of rotating 
non-isothermal flows. 

4. For this class of rotating-disk flows with 
complexities, experimental evidences are always 
significant and useful in either understanding of the flow 
physics and development of turbulence model. 

Development of experimental techniques measurements 
of high confidence for high rotating rate and/or high 
temperature systems is most needed. 
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