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Abstract--The vaporization of water films in rotating radial pipes is studied experimentally, The data are 
interpreted with a simple model in which the major unknown quantity is the fraction of the pipe 
circumference wetted by the film. The vaporization heat-transfer coefficient is expected to be extremely large 
since the centrifugal acceleration is 103-104 times larger than the gravitational acceleration which influences 
the heat transfer to vertical falling films. The data confirm that the heat-transfer coefficient is very large, and 
provide measurements of the wetted circumference and of the burn-out heat flux. These fall and rise 

respectively with increasing centrifugal acceleration. 

NOMENCLATURE 

A, wetted fraction of passage circumference; 
g, acceleration due to gravity; 
h, heat-transfer coefficient; 
k, thermal conductivity; 
l, latent heat of vaporization ; 
L, radial distance from axis of rotation ; 
P, local static pressure; 
q, heat flux ; 
Q, total heat flow ; 
R, passage radius; 
Re, local film Reynolds number ; 
/~e, Reynolds number averaged about the 

passage wetted circumference; 
T, temperature; 
v, velocity; 
W, volumetric water flow rate; 
X, exit steam quality; 
Z, passage axis coordinate. 

Greek symbols 

AZ, passage length ; 
co, angular velocity; 
t~, tilt angle between radial direction 

and passage axis; 
~, angle describing orientation of tilt 

with respect to plane of rotation; 
0, azimuthal coordinate in passage; 
p, density; 
v, kinematic viscosity; 
~, thickness. 

Subscripts 

m, metal passage wall; 
w, water; 
s, steam, 
z, z direction ; 

* Work supported in part by the Electric Power Research 
Institute. 

sat, water saturation ; 
cu, copper; 
in, input to passage. 

I. INTRODUCTION 

THIN water films have a potential new application in 
cooling the rotating blades of a gas turbine. In a 
specific design being considered [1], each blade is 
cooled by a network of near-radial, sub-surface pass- 
ages. Water travels through each passage as a thin 
film drawn by the centrifugal force. A mixture of water 
and steam freely exits the cooling passage at the radial 
tip of the blade. The steam enters the turbine gas path, 
and the water is collected in a stationary, annular 
gutter. In this design the static pressure is nearly 
constant along the length of the cooling passage, and is 
equal to the local gas path pressure. 

The fluid dynamic and heat-transfer phenomena 
occurring within the cooling passage are similar to 
those encountered in annular two-phase flow[2]. For  
several reasons, however, the empirical relations com- 
monly applied in this field are not applicable to the 
present problem. First, the liquid film is motivated 
primarily by the centrifugal body force which, for 
proposed turbines, is of order 2 x 104 times larger than 
gravity. The interfacial shear, which plays a crucial role 
in the stationary two-phase problem, is of little 
importance here. Second, the two-phase fluid here 
experiences a Coriolis body force which is of compar- 
able magnitude to the centrifugal since v is of order coL, 
and which acts perpendicular to the flow direction. 
This Coriolis force serves as a phase separator which 
keeps the liquid film on the wall. The Coriolis force 
pushes the film to one side of the cooling passage, 
thereby destroying the axial symmetry common to 
many stationary systems. 

An analytic study of the two-phase phenomena in 
the radial, rotating cooling passages has been pre- 
sented elsewhere [3]. The conclusion of that study is 
that the dominant heat transfer is to the water phase 
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which travels as a thin, high-velocity film down the 
cooling passage wall. An estimate of the film heat- 
transfer coefficient, h,., may be taken from the work of 
Dukler [4]* when the usual gravitational acceleration 
is replaced by the centrifugal acceleration. Due to the 
large centrifugal acceleration in the turbine, h,, is 
expected to be large compared to the heat-transfer 
coefficient associated with the passage wall thermal 
conductivity. For this reason a precise value of h,, is 
not required in designing the turbine. The Dukler 
model may in fact underestimate the true h,. due to the 
possible influence of rotation-induced instability [5], 
and of nucleation. 

While the turbine design is insensitive to h~, it is 
extremely sensitive to the fraction, A, of the cooling 
passage circumference which the film wets. The num- 
ber of factors influencing the film circumferential force 
balance, and hence A, is formidable. The Coriolis force 
places the film preferentially along the trailing wall of 
the pipe. Because the Coriolis force is non- 
conservative, a secondary flow is induced in the film, 
and viscous forces enter the circumferential force 
balance. The approximate analysis of Dakin and So 
[6] treats the circumferential distribution problem for 
a laminar, fully-developed film having both surface 
tension and the secondary viscous forces. It is seen 
there that the Coriolis force may induce "spreading", 
or a concave film surface. Since the turbine cooling 
passages follow the contours of the blade surface they 
may not be exactly radial, and may therefore have 
small components of centrifugal force acting per- 
pendicular to their axes. The above analysis was 
extended to the case of near-radial passages by Dakin 
[7], and closed form solutions to the circumferential 
distribution problem were obtained. The circumferen- 
tial problem may be further complicated by turbu- 
lence, a circumferential component to the interracial 
shear due to Coriolis-induced secondary flow in the 
steam [3], the developing character of the flow near the 
passage inlet, and various edge effects [8]. In light of 
the complexity of the circumferential force balance. A 
must be determined experimentally. 

The purpose of this paper is to report experimental 
work on rotating two-phase cooling passages similar 
to those in the proposed gas turbine. In section two a 
model for the passage heat transfer is presented. The 
third section deals with experimental methods. The 
experimental data appear in section four. These results 
are values of A as a function of various passage 
parameters, and values of the burn-out heat flux. A 
discussion of the results appears in Section 5. 

2. HEAT-TRANSFER MODEL 

The geometric arrangement of the cooling passage.is 
shown in Fig. 1. The passage is a pipe of radius R, and 
length AZ. The center of the pips is located a radial 
distance L from the axis of rotation, and the pipe 
orientation is near-radial. Typically L >>AZ >> R. The 

* The Reynolds numbers used by Dukler are four times 
larger than defined here. See Dukler equation (2). 
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FIG. 1. The construction and orientation of a cooling pass- 
age. The directions of the centrifugal and Coriolis forces on 
the fluid in the rotating reference frame are shown in terms of 

the vectors ~ and (-x 

angular velocity is c.,J. The wall of the passage is lined 
with an erosion-corrosion resistant liner, most likely a 
stainless steel, whose effective heat-transfer coefficient 
is 

hm = k,,/6,,. ~1) 

The liner is bonded metallurgically to an external 
copper heat-transfer matrix. Over the range of heat 
fluxes and water film parameters of interest, the copper 
matrix is nearly isothermal, and h,, is small compared 
to hw. 

The inputs to the cooling passage may be expressed 
as a volumetric water flow rate, Wi, and a total heat 
flow, Qin- In the turbine, Qin represents the heat flux 
entering the airfoil surface integrated over that portion 
of the surface area serviced by a given cooling passage. 
In the experiments to be described later, Qin is supplied 
to the copper by embedded ohmic heaters. Neglecting 
sensible heating, Win is related to Q~n and the latent heat 
of vaporization of the water 

QIII 
Xp,,.l,,.~ 

Here, X represents the exit quality of the two-phase 
mixture. A turbine design might call ['or X = 2/3, 
allowing a nominal excess of water as a safety margin. 
In the experiments, Win will be held constant while Q~, 
and thus X are varied. 

The fraction of the passage circumference wetted by 
the water film is A. While the complex dynamics within 
the cooling passage dictate that A be determined 
empirically, it is instructive to consider the results of 
limited analytic theories. For fully developed laminar 
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flow in a radial pipe, A is predicted [7] to be given by 

/ W 2 \ l : 7 / W  "x-~:7 
A = 0 67 | ~ /  I-----1 (3) 

" \ c o L R  ] \Rvw/"  

A crude generalization [3] to the case of turbulent 
flow, and less restrictive geometries gives 

: 
A = c o n s t  (4)  

These expressions are seen to show a very weak 
dependence of A upon the various controlling vari- 
ables -v~ ,  a~2L, and W. The strongest dependence is 
upon the pipe radius, R. 

It will be assumed in the heat-transfer model that A is 
constant along the (z) length of the cooling passage. 
This cannot be strictly true both because of the 
developing character of the flow near the entrance, and 
b~ause of the decreasing value of W along the length of 
the passage. It has been shown analytically [3] that the 
entrance development should occupy a fairly small 
fraction of the cooling passage length. The above 
expressions (3)-(4) suggest that the change in A 
associated with changing W are small. Furthermore, 
the model will b¢ applied to the data in such a way that 
a typical, or average A is obtained. 

When A is specified, an average film Reynolds 
number can be written 

he-= Win 
2re R A v  w" (5) 

This Reynolds number would be everywhere equal to 
the local film Reynolds number 

tTz(~ w 
Re =- (6) 

V w 

if the local average film velocity, v,, and the local film 
thickness, bw did not have circumferential and longi- 
tudinal variations. Since v z and bw must in reality have 
such variations,/~e represents a typical value of Re. 

When A is specified and Qin is known, the average 
heat flux into the water film is readily calculated 

Qin 
q - 2~z RA AZ (7) 

To extract A from the data, we require a priori 
knowledge of the vaporization heat transfer coefficient. 
One estimate of this quantity is taken from the model 
of Dukler [4]. 

hw=kw\_~_llos2L'~'/3[lL\3_R~e/1 ~'/3 +0.032 ReO.23]. (8) 

The leading terms are immediately justified on dimen- 
sional grounds. The first term in the brackets is the 
exact laminar theory of Nusselt [9], The second term 
in brackets is a fit to Dukler's theory describing the 
steady transition to turbulent behavior at high Rey- 
nolds number. It is assumed that the water has a 
Prandtl number of unity, and that the interfacial shear 
is negligible [3]. 

Dukler's theory and expression [8] give hw a very 
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weak dependence upon Re in the range 102 < Re < 104. 
There the term in brackets is approximately 0.22. 
Because of this weak dependence the use of/~e over the 
entire wetted circumference and length of the passage 
is reasonable. It is really co2L, k~ and v,~ which 
determine hw in this range of Reynolds numbers. 

The quantities of prime interest in the turbine 
design, and the quantities measured in the experiment 
are Q~ and (T~u-T~t). These quantities are directly 
related to A through the expression 

Qin 2~zRAZA 
Tcu - Tsat = h,~ 1 + h,~ 1" (9) 

Here h,~ is related indirectly to A through expressions 
(5) and (8). Thus equations (5), (8) and (9) constitute a 
model for the cooling passage in which only one 
quantity, A, cannot be known a priori or measured 
readily. 

As mentioned earlier, the Dukler model will under- 
estimate h,~ if nucleation, and/or Coriolis-induced 
instability are present in the film. For this reason we 
find it useful to also analyze the data with a deliberate 
over-estimate ofh w. This is done by assuming hw to be 
infinite. As will be seen, the quantities derived from the 
data are rather insensitive to which assumption is 
made regarding hw, especially for large values of 
to2L/g. 

Equation (9) is strictly valid only for infinite copper 
conductivity and for pure one dimensional con- 
duction. In the actual analysis of the data, a more 
correct procedure was applied to account for the 
known copper conductivity and the two dimensional 
effects on the test specimen. 

3. EXPERIMENTAL METHOD 

Experiments simulating the conditions of the tur- 
bine cooling passages were performed using the moto- 
rized test rig shown in Fig. 2. The parameters of the 
experiment are summarized in Table 1. While other 
data were taken with other values of some of the 
parameters, e.g. R, Win, hm, and P, those data are not 
reported here. 

The test rig consists of a two-armed rotor driven by 
a variable-speed electric drive train. The rotor rotates 
in ambient air within a steel enclosure. Cooling water 

STEEL 
ENCLOSURE~ 

EXPERIMENTAL ~ 1  
PAYLOAD-----------. LJl II 

ELECTRIC (L,0.84 m) IV II 
MOTOR EDDY I I II 
IO0 HP CURRENT ] ! II 
(w,:377rod/sec) CLUTCH I II fl SLIP 

, ~  _ Ill IIRING 

FEED 

FIG. 2. The motorized test rig. 
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Table l. Experimental parameters 

L 0.84 m 
~o 105,230, 304. 367 rad s- l 
e)2L/q 0.9, 4.5, 7.9, 11.5 × l 0  3 

AZ 0.t 14m 
R 1.3 X 10-3 I11 
h,. 5.9x 104Wm 2 C l 
P 1.01 × 10 s Pa 
T~ IOOC 
~n 1.3 x 10 6m3s 
Qm 0 3000 W 

is fed to the rotor through a feed system concentric 
with the rotation axis. The water is routed to one of the 
two arms. At the end of that arm is the experimental 
payload. (A de-activated payload on the other arm 
balances the rotor.) The water--steam mixture leaving 
the payload spills freely into the ambient air. Thus the 
pressure within the payload cooling passage is atmos- 
pheric. Electrical heating power and thermocouple 
signals pass between the rotor and the stationary 
frame through a silver-graphite slip ring. The effect of 
dissimilar metals in the thermocouple circuits at the 
slip rings is minimized by keeping all of these tran- 
sitions at the same, low, ambient temperature. 

~MIC SHROUD 

BLOCK 

TRANCE 

LOCK 

CKEF 

OUPLE 

3ASSAGE 

E HEATER 

WATER EXIT TEMPERATURE 
WATER EXIT 

Flc;. 3. An experimental payload. 

A typical experimental payload is shown in Fig. 3. A 
copper block is heated by four to six embedded ohmic 
heaters. A cooling passage runs along the axis of the 
cylindrical copper block. This passage is lined with a 
thin-walled stainless steel tube, whose outer surface is 
metallurgically bonded to the copper. The tempera- 
ture of the copper block is measured by a redundant set 
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of embedded thermocouples. Significant thermal 
gradients within the copper are neither expected nor 
observed. The copper block is encapsulated in a thick- 
walled stainless steel jacket to limit creep deformation. 
Air spaces between this jacket, a concentric can, and an 
outer aerodynamic shroud limit the heat losses to the 
outside. 

The water steam mixture must travel through 
0.02 m of insulation and structural support after 
leaving the cooling passage but before leaving the arm. 
A water exit temperature trap device is usually located 
in this exit path. This device catches some of the exit 
water for a temperature measurement while allowing 
the steam to pass freely. Water exit temperature data 
allows a redundant calorimetry test of measured 
quantities whenever T~, < T~. Whenever the steam exit 
quality is finite the water exit temperature gives a 
measurement of T,,t, or alternatively, a test of the 
thermocouple system. 

During some running the water exit temperature is 
replaced with a direct, radial, unheated exit tube. This 
allows stroboscopic photography of the water-stream 
mixture as it leaves the tube. 

Two variations on the specimen shown in Fig. 3 are 
also employed. In one type of specimen the cooling 
passage is inclined from the radial direction by an 
angle 0 = 0.14rad. Thus, in this specimen, the centri- 
fugal force has a component  directing the fluid to one 
side of the cooling passage. By rotating this specimen 
about the radial direction the angle between the off- 
axis centrifugal force component  and the Coriolis fi)rce 
can be changed from 7 = 0 t o  7 = ~.* 

The other special specimen has a 1.6> 10 -~m 
diameter hole perpendicular to its axis. ]/'his hole 
passes through the steel jacket and the copper, ending 
at the bond between the copper and the passage liner. 
There a micro-thermocouple is welded to the outer 
surface of the passage liner. This thermocouple should 
read close to T~u if the nearby inner wall of the passage 
liner is dry and uncooled. If the wall is wet, this 
thermocouple should read a much lower temperature 
close to 7,~. By rotating this specimen about the radial 
axis one can crudely determine A. 

The normal data recording procedure involves a 
scan in which {,)is fixed, but W m and Qi, are varied. 
Fixed ~,~ is necessary because the ambient temperature 
and the heat loss from the copper to the ambient vary 
with ~,~ and with the (unheated) room temperature. 
The procedure is first to measure the heat loss rate as a 
function of T~,, for the fixed {~9 and ambient temperature 
conditions. This is accomplished by turning off the 
water coolant and turning on the ohmic heaters such 
that all of the ohmic heat is "lost". 

*The angles ~ and 7 may be regarded as spherical 
coordinates describing the local pipe axis orientation. The 
"'polar" angle between the radial direction and the pipe is ~. 
The "azimuthal" angle which rotates the pipe about the 
radial direction with constant 4' is 7. The pipe is in the 
plane of rotation when 7 is 0. The values of ~ and 7 vary 
along the length of a long straight pipe, but are 
approximately constant here because AZ < L, 
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Following the heat loss calibration actual heat- 
transfer data are recorded. Here W~. is held fixed while I,o 

the ohmic heater power is increased in steps. At each 
step the copper and water exit temperatures are 
allowed to stabilize and then recorded. The measured 0.5 
T~u determines the heat loss using the calibration ,, 
recorded earlier. The difference between the ohmic 
heater power and the heat loss yields Qin. For  Qin 0.2 
values of 1500W the heat loss represents a 5-10% 
correction. 

I I i l l I  
The steps in Qin are continued until either the f03 

maximum available ohmic power is reached, or a 
"burnout"  occurs. The burnout  is distinguished by a 
rapid rise in Tcu accompanying the incremental step in 
ohmic heater power. The burnout  symptoms are 
similar to what might occur if the coolant water were 
turned off or completely vapourized. However, neither 
of these is the case because the water exit temperature 
device continues to indicate exit coolant in the pre- 
sence of burnout.  Presumably the burnout  is a tran- 
sition to film boiling [3]. 

4. RESULTS 

The results of a typical data scan are shown in Fig. 4. 
Plotted there is a relation between the heat entering the 
passage and the copper-saturation temperature differ- 
ence. The exit steam quality is also shown on the 
vertical axis. The location of the point X = 0 is based 
on the inlet water temperature, the water flow rate, and 
the water specific heat. Three distinct heat-transfer 
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FIG. 4. Data for a radial passage at to2L/g = 11.5 × 103. 

regimes are evident. For  X < 0  there is no net steam 
generation, and the heat is absorbed as sensible 
heating of the water. For  X > 0 steam is generated, and 
the heat is absorbed primarily in the phase change at 
temperature T~a t. Eventually a third, "burnout"  region 
is reached characterized by falling Qin and rising (T~u 
- T~at). The vaporization region is of prime interest in 
this paper. 

The data from each scan are analyzed to determine 
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FIG. 5. The observed wetted areas in radial passages. The 
points are calculated assuming hw given by equation (8). The 
different symbols denote different test specimens. The lines are 

described in the text. 

the wetted area, A, and the burnout  heat flux, q. These 
are calculated on the basis of equations (5), (8) and (9), 
and (7) respectively. The combination of Qin and (Tcu 

- T~at) used as input is the highest point on the data 
scan prior to burnout.  

A plot of A vs ~o2L appears in Fig. 5. The data are 
taken from three independent test specimens with 
radial passages. Each specimen was run at several 
values ofcoZL, and the runs were often repeated at later 
times. The calculated values of A are seen to decline 
from A ~0.65 at 092L/g = 900 to A ~0.29 at co2L/g 
= 11 500. The repeated measurements are seen to 
scatter ___25~o about the average value of A. The 
variations from specimen to specimen are no greater 
than those from scan to scan with the same specimen. 

The trend of the data in Fig. 5 is indicated by the 
solid line, which has the form A oc (o92L)- 0.30. This fall 
in A with increasing co2L is somewhat steeper than 
expected from equation (4). 

The vaporization heat-transfer coefficients used in 
the calculations are taken from equation (8) and 
shown in Fig. 6. The metal wall heat-transfer coef- 
ficient is also shown in Fig. 6. It is seen that h w is 
slightly greater than h,, at the lowest value of co2L, and 
that it is a factor of three greater at the highest value. 

Equation (8) may be viewed as a lower bound on the 
true vaporization heat-tr)ansfer coefficient. In the pre- 
sence of nucleation and/or rotation induced instability 
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FIG. 6. The vaporization heat-transfer coefficient based on 
equation (8), and /~e ~ 103. The metal wall heat-transfer 

coefficient is also shown. 
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FIG. 7. The variation of calculated A with tilt orientation for 
a passage tilted by an angle ~ = 0.14rad from the radial 

direction. 

reproducible. The film dynamics model of Dakin [7] 
shows how an opt imum tilt with ?, = rr may increase A 
in a particularly simple laminar flow. It is interesting to 

' note that the range of A's measured in the tilted 
! passage specimens tends to bracker the measurements 
i at corresponding c02L in the radial passage specimens. 
I 

This may be seen, for instance, by comparing Fig. 5 to 
i Fig. 7. 

i The maximum pre-burnout heat fluxes are shown in 
Fig. 8. The trend of the data is indicated by the straight 
line, which has the form q.~ (~2L}°'3~. The result of a 
re-analysis assuming h w = ~ is indicated by the 
dashed line. At the values of e~ZL..'g of interest to gas 
turbine operation ( ~ 2  x 10 4) the limiting heat fluxes 
are greater than 10 7 W/m 2. 

It should be noted that in applying these data to a 
gas turbine design the uncertainty in measured A and 
measured q due to h w uncertainty is not significant. 
This is because the most important  quantity in the 
turbine design is the limit of the product Aq, whose 
determination does not  depend on the assumed value 
ofh,.. 

the true heat-transfer coefficient may be higher. In light 
of  this uncertainty in hw it is instructive to consider the 
effect of a simple upper bound, h w = oc. The result of a 
new analysis on this basis is to shift the trend of the 
data in Fig. 5 from the solid line mentioned earlier to 
the dashed line shown below it. The calculated values 
of A are shifted down a factor of 1.8 at the lowest value 
of co2L, and down a factor of 1.4 at the highest value. 
Most  likely the " true" values of A lie somewhere 
between these extremes. 

Two test specimens with non-radial passages were 
also tested. Typical data from one of these specimens 
are shown in Fig. 7. The values of A shown are 
calculated assuming that hw is given by equation (8). 
The highest values of A are seen to arise when the tilt is 
oriented such that the Coriolis force is opposed by the 
off-axis component  of the centrifugal force. This occurs 
when y = ~. The tilted-passage A's show somewhat 
less scatter than the A's for radial passages, and the 
trend of increasing A with increasing 7 is highly 
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FIG. 8. The maximum pre-burnout heat fluxes. The points 
are calculated assuming h w given by equation (8). The 
different symbols denote different test specimens, and both 
radial and tilted specimens are included. The lines are 

described in the text. 
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Fie;. 9. Temperatures recorded by the micro-thermocouplc 
welded to the outside of a cooling passage liner. These data 
are recorded with a centrifugal acceleration of~oZL/9 = ll.5 
x 103, and a heat input ofQi n = 1070 W. The horizontal bars 
indicate the approximate width of the thermocouple cavity 

Typical data from the micro thermocouple welded 
to a cooling passage liner are shown in Fig. 9. The 
thermocouple is located midway along the passage in 
the z direction, and the thermocouple junction is 
located in a hole whose width is about 20°o of the 
cooling passage circumference. It is seen that on the 
side of the passage on which the Coriolis force places 
the film (0 = 0) the thermocouple registers close to ~ .  

On the presumably dry side of the passage (0 = ~z) 
the thermocouple registers close to T~u. This data 
crudely but forcefully demonstrates the Coriolis- 
induced assymetry in the cooling. 

A stroboscopic photograph showing the two-phase 
mixture leaving the end of the arm appears as Fig. 10. 
There one can clearly see the stratification of the flow 
into two separate phases. The water flows as a thin, 
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parameters in equation (4), it is possible that quantities 
such as surface tension and Az affect A. 

At to2L/o = 11.5 x 103, close to the value of interest 
for a turbine, the behaviour of the cooling system is 
well determined. The heat-transfer data via the model, 
the photographic data, and the micro thermocouple 
data are all consistent with A = 0.25 + 0.05 for radial 
passages. The degree of consistency is sufficient to 
confirm that hw is at least as high as that given by 
equation (8). The cooling passage specimens have 
consistently supported heat fluxes higher than 8 
x 106w/m 2 at this value of co2L prior to burnout. 
These heat fluxes are quite adequate for the proposed 
turbine cooling application. 

It is instructive to further consider the implications 
of the Dukler model for the data in this experiment. We 
do this for the case of radial pipes, and ~o2L/g = 11.5 
x 103. For these conditions the data in Fig. 5 show/~e 
= 2 x 103. Turning to Dukler [4], Fig. 3, the film 

I thickness and velocity are readily calculated to be 6 
= 28 × 10 -6 m and v = 23 m/s, respectively, assuming 
no interfacial shear. This is indeed an extreme example 
of a thin film. It is sufficiently thin that wall roughness 
may play a significant role. If nucleation occurs, there 
is not much opportunity for bubbles to grow before 
being sheared off, or alternatively, reaching the surface. 
Several aspects of this film challenge the credibility of 
any extrapolation from conventional thin film ex- 
perience. 
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FIG. 10. A stroboscopic photograph showing the water 
leaving the cooling passage extension. The orientations of the 
Coriolis and centrifugal forces in the rotating reference frame 
are shown. The photograph is taken with co2L/g = 11.5 x 103, 

and Qin = 0. 

narrow stream along the wall toward which the 
Coriolis force directs it. 

5. DISCUSSION 

Heat-transfer data have been accumulated for a rota- 
ting, radial cooling passage in which a water film is 
vaporized. These data have been interpreted in terms 
of a simple heat-transfer model in which the only 
unknown parameter is A, the average fraction of the 
passage circumference wetted by the water film. For a 
given set of conditions the value of A is determined 
from the data via the model. The major uncertainty in 
the model is associated with the water film heat- 
transfer coefficient, h w. However, h w is expected to be 
sufficiently large that the heat flow to the water is 
limited not by the water film itself, but rather by the 
stainless steel wall of the cooling passage. 

The measured values of A showed qualitatively the 
expected response to variations in c02L and in the 
passage orientation. Increases in ~02L produced de- 
creases inA. Tilted passages showed increasing A with 
increasing 7, the angle describing tilt orientation. No 
attempt was made to provide a correlation relating A 
to the controlling variables. While a correlation of the 
form of equation (4) is expected from theoretical 
considerations, experimental variations in some of the 
other parameters should be studied before such a 
correlation is seriously proposed. In addition to the 
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VAPORISATION DE FILMS D'EAU DANS DES TUBES RADIAUX EN ROTATION 

R e s u m e - O n  etudie experimentalement la vaporisation de films d'eau dans des tubes radiaux en rotation. 
Les rdsultats sont interpr6t6s ft. l'aide d'un mod61e simple dans lequel la principale grandeur inconnue est 
la fraction de circonf~rence de tube mouill6e par le film. Le transfert thermique par vaporisation est 
suppos6 6tre extr6mement grand puisque l'accbl6ration centrifuge est de 103 fi 104 fois plus grande que 
l'acc616ration gravitationnelle qui influence le transfert thermique dans les films tombant verticalment. 
Les resultats confirment que le coefficient de transfert thermique est tr6s grand et ils fournissent des 
mesures de la circonference mouill6e et du flux thermique de brfilage. Ceux-ci decroissent et augmentent 

respectivement lorsque s'accroit l'acc616ration centrifuge. 

V E R D A M P F U N G  VON WASSERFILMEN IN ROTIERENDEN RADIALEN ROHREN 

Zusammenfassung--Die Verdampfung von Wasserfilmen in rotierenden radialen Rohren wird experimen- 
tell untersucht. Die Mel3werte werden mit einem einfachen Modell interpretiert, bei dem die 
Hauptunbekannte der Anteil der durch den Film benetzten RohrinnenfHiche ist. Es wird erwartet, dab der 
Verdampfungs-W~irmeiibergangskoeffizient sehr hoch ist, da die zentrifugale Beschleunigung l03 bis 104 
mal griSBer als die Erdbeschleunigung ist, welche die W~irmeiibertragung an senkrecht faltenden Filmen 
beeinflul3t. Die Mel3werte bestiitigen, dal3 der W~irmetibergangskoeffizient sehr grof5 ist und liefern Werte 
fiJr die Benetzung des Umfangs und fiJr den "burnout'-W~irmestrom. Diese verringern und vergr6Bern 

sich entsprechend mit wachsender Zentrifugalbeschleunigung. 

HCFIAPEHIdE BO~J:IHBIX FIJI]~HOK BO BPAII[AIOII1FIXC,q PA~IdAJ IbHB IX TPYB AX 

AanoTauua- 1-lpoae~eHo 3KcnepHMeHTa.rlbHOe Hcc.rle,aoBaHHe ncnapeHna FI.rleHOK BO£1b[ BO apama- 
rotRnxc~ pa2IHa.qbHblX Tpy6ax. IdHTepnpeTattH~t no.qy'-IeHHblX 2IaHHblX npOBO/IRTC~ C nOMOtttbI-O 
npocTo~ MO2/eJ'IH, B KOTOpOifl OCHOBHO~I HeH3BeCTHOgl aeJIHqnHO~ ~a.rl~leTC~l qacTb oKpy~HOCTIi 
Tpy6bl, cMaqHaaeMa~ nJleHKO~. KO3~f~HUHeHT TerlJlOO6MeHa rlpn acnapenan  HMeeT OqeHb {50.rlbU.lylO 
Bertn,~I~ny B CB~I3H C TeM, qTO uenTpo6exHoe ycropeH~le B 103-10 a pa3 npeablulaeT ycropen~te CB~bl 
TRXeCTH, qTO OKa3blBaeT B.rlI, DIHHe Ha nepeHoc Tenna K BepTltKa.rlbHO naaa~ownM ILrI6HKaM. ~)KcrlepH- 
MeHTaJlbHble /IaHHble rlO~TBep)K21aIOT ablBO~ O 6OYlbLl/Ogl Be.rlrl,-litHe KO3qbqbHttHeHTa Tefl:lOO6MeHa n 
rlO3BO.rDI1OT onpeflennTb cMaqnBaeMbIgi rlepltMeTp 14 KpnTnqecK~i.~ TerlYlOBO~ FIOTOK. 3HaqeHna 
nOC~te~HHX COOTBeTCTBeHHO yMenbtUa~OTCa H yBeJ'lHql4BalOTCfl C pOCTOM HeHTpO6eXHOFO ycKopeHrta. 


