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LIQUID BOILING PROCESS IN ROTATING VESSELS AND CHANNELS 

S. I. Sergeev, O. M. Popov, 
and I. P. Vishnev 

UDC 536.423.1:531.15 

Results of visual observations of water boiling in rotating vessels and channels 
are presented. The existence of various forms of nucleate boiling is established. 
Simplified calculations of single phase and boiling liquid thermal convection are 
performed. 

In order to construct high-power electric generators with rotors cooled by cryogenic 
liquids [i], information is required on the motion of heated and boiling liquid in rotating 
cavities and channels of various configurations. Reviews of studies of the boiling process 
in rotatint vessels can be found in [2-5]. Visual observations of liquid flow in such ves- 
sels were described in [6]and other studies. In view of the shortcomings and contradictions 
of the available studies, the present authors carried out test stand studies in which the 
convection and boiling of heated water in rotating glass vessels and channels of various form 
were observed (Fig. 1). Test stand parameters wereas follows: radial distance from bottom 
of vessel or channelwall to axis of rotation rz = 12 cm, radial distance from edge of ves- 
sel or beginning of channel to axis of rotation rl = 2 cm, channel diameter D = 0.3 or 0.5 
cm, vessel diameter 4 or 7 cm, heater, externally heated sleeve around channel section L2 - 
8 cm long, or 3 cm diameter plane heater 4,-,ersed to bottom of vessel, occupying from 18 to 
56% of bottom area. Experiments were performed both with and without transparent screens 
to protect the rotating vessels and channels from cooling by the air through which they 
moved. The screenless experiments produced additional heat losses, but simplified observa- 
tions. Angular rotation frequency ~ 157 sec -I (or ~ 1500 rpm). This corresponded to a 
maximum centripetal acceleration of ra~2~3 �9 10 s m/see s or relative acceleration of G - rl- 
~Sg-L ~ 300, and an excess pressure produced by centrifugal forces of P+ = 0.50~ s x (r~-r~) 
~0.17 MPa, with increase in the water boiling point at the bottom of the vessel to 130~ 

Visual observations and photography of the motion of vapor bubbles and plastic shavings 
with a density close to that of water were carried out under stroboscopic illumination. The 
rotation frequency and thermal heating power Q were measured. 

Boiling in a free volume was studied in a glass vessel 9 cm high wlth axis oriented 
along the normal to the axis of rotation (8, Fig. i), with water supplied through collector 
4. 

Observations of the convective motion of the single phase liquid not heated to the 
boiling point (Q ~.50 W) were performed under normal conditions G > 30 and Ra w ~ Ds~2r2BT+ 
(vu)-Iool0 s,- i0 I~ In this case it was evident from the motion of the suspended particles 
that the usual (in the absence of rotation) two-loop convection with a flow of hot liquid 
departing from the center of the heater did not occur. Instead, a one-loop circulation 
convection was established with cold flow directed along the pressure wall of the vessel to 
the bottom and heater located there, with heated flow directed along the pressure wall of 
the vessel to the bottom and heater located there, with heated flow directed from the heater 
along the nonpressure wall toward the axis of rotation (1, Fig. 2). The direction of the 
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Fig. i. Diagram of experimental test stand: i) dc 
electric motor; 2) faceplate; 3) water supply; 4) 
distributing collector; 5) stroboscope; 6) current 
source; 7) heaters; 8) vessel; 9, I0) channels. 

circulation can be explained by the action of Corlolis forces which force apart the hot and 
cold branches of the flow and press them to the vessel walls, thus producing partial thermal 
insulation between them. If oppositely directed circulation were to develop at random, then 
the Coriolis forces would force together the branches of such a flow, leading to equaliza- 
tion of temperatures in the branches and reduction in temperature head. With increase in 
rotation frequency and Rayleigh number, together with this first type of cireulatlon there 
developed a form consisting of two independent vortices separated at the midpoint of the 
vessel height, after which higher forms of several more or less ordered vortices appeared. 

At low rotation frequency (G > i0) and sufficiently high heater power (Q = 200 w) nu- 
cleate boiling close to conventional form (under stationary conditions) was observed, with 
formation of vapor bubbles on the heated surface, but with the bubbles being carried to the 
nonpressure side of the vessel due to thermal convection. The bubbles are concentrated less 
densely on the heater near the pressure wall and more densely near the opposite wall, and 
ascend at some distance from the wall with the convective flow (Fig. 2, zone 2; Fig. 3a). 
This same pattern is observed when the heater was shifted toward the pressure side of the 
vessel. In this case bubbles were formed only on the portion of the heater furthest re- 
moved from the pressure wall and then moved toward the axis of rotatlon, which was accompanied 
by boiling up of the superheated llquid on the heater, so that the bubble flow was in the 
form of a funnel directed toward the free surface of the water. The development of bubbles 
intensified and stabilized the basic single loop form of the circulation and inhibited the 
development of higher multivortex forms. With the heater power maintained constant, at in- 
creased rotation frequency the thermal convection Incressed so intensely that bubble forma- 
tion on the heater stopped, first near the pressure side, then over the entire heater sur- 
face. In addition, the water temperature near the heater increased to a point, which al- 
though less than the boiling point under the excess pressure P+ at the vessel bottom, Ts(P u + 
p+) oo II0,130~ significantly exceeded the atmospheric boiling point Pu (Ts(Pa) = Ts = 100~ 
at the free surface. The hot water at temperature T, Tso < T < Ts(P 8) then convectively 
flowed toward the axis of rotation from the increased pressure zone into an area of reduced 
pressure Pa + P+(r), P < Pu + P+(r) < Pa + P+ and boiled up. With further increase in ro- 
tation frequency the zone of vapor bubble formation within the liquid moved further from 
the heater (over which completely transparent slngle-phase water flowed) and approached the 
free liquid surface near the non-pressure wall (Fig. 2, zones 3, 4, 5; Fig. 3b, c). At 

> i00 sec -z (G > 120) and a heater power Q = 100-180 W there was intense bubble boiling 
within the water volume exclusively near the free surface, with the water in all remaining 
parts of the vessel including the volume near the heater remaining completely transparent, 
without a slngle bubble. 

Although such boiling processes have been described previously [3] and can be explained 
quite simply, nevertheless the clearly expressed boiling of the portion of the liquld vol- 
ume opposite the heater appears quite effective. 

With increase in heater power at constant rotation frequency (~ = 50-100 sec -i) a re- 
verse sequence of similar phenomena was observed. With low heat levels insufficient for 
boiling (Q < 100 w) the thermal circulation convection described above developed, then 
broke into several vortices with increase in heater power. With further increase in heat 
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Fig. 2. Boiling zones in rotating vessels: i) 
one-loop convective circulation; 2-5) boundaries 
of vapor formation zone for successive increases 
in cen t r ipe ta l  accelerat ion;  a) pressure wall; b) 
nonpressure wall; c) heaters;  d) thermal insula t ion.  

(Q = 100-180 w) fully developed boillng of the water near its free surface was observed, be- 
ginning with weak bubble formation at the free surface, appearing llke ripples on the sur- 
face, then expanding into intense nucleate boiling in the liquid volume. The basic single- 
loop clrculatlon existed, and the vapor bubble diameter was 3-5 times larger than in con- 
ventional boillng on a heated surface under static conditions. With increase in heating 
(Q = 200-300 w) the nucleate boillng zone in the volume expands along the nonpressure wall, 
but does not yet reach the heater surface. At Q = 310 W with further expansion of the 
boiling zone vapor bubbles began to be formed on the heater surface near the nonsupply wall. 
Subsequent increase in thermal loadlng caused this zone to expand, and at Q-- 450 W the two 
bubble boiling zones on the free and heater surfaces Joined together. With further increase 
in thermal load the nucleate boiling zone increased still further, and at Q = 700 W boiling 
eccurred over the entire vessel volume and on the heater surface. 

In a loop- or horseshoe-shaped channel (9, Fig. 1) joined to the supply collector 4 
near the axis of rotation with heater 7 at the periphery, similar phenomena were observed 
with some differences. The loop form of the channel stabillzed the circulation convective 
flow. For strictly symmetric locatlon of the heater the circulation direction was the same 
as for convection in a vessel (i, Fig. 2). When the symmetry was disrupted by locatlng the 
heater closer to one or the other radial portion of the channel, the circulation direction 
could be changed, so that the flow toward the axis of rotation occurred in that portion of 
the channel which was partially heated. In such channels the clrculatlon velocity was 
higher than in vessels and at times superheated liquid was carried into reduced pressure 
zones located away from the axis of rotation, where abrupt periodic removal of superheating 
occurred, manifesting itself through violent boiling up of the liquid volume with formation 
of vapor bubbles which coalesced into a vapor plug within the channel. 

The frequency of such boilups was 0.2-0.5 Hz with relatlvely weak heating, increasing 
to 2-5 Hz with intense heating, accompanied by sonic effects -- noise and crackling. At a 
sufficiently high rotation rate (~ > 80 sec -I), stable rolling boillng in a channel zone 

1 cm long far from the heater near the collector was observed. This zone increased in 
size with increase in heater power. 

In intense centrifugal force flelds there was no regime with formation of fine bubbles 
(diameter < 1 -,,). As they move toward the reduced pressure zone, the bubbles which de- 
veloped almost instantaneously increased in size, reaching the diameter of the channel. 

In a deadend channel (10, Fig. 1), heated near the closed end, llquld clrculatlon was 
significantly hindered, and surface tension forces manifest themselves more intensely, en- 
couraging occlusion of the channel by rising vapor bubbles. In a stationary channel (at 
u = 0) unstable boiling with periodic flares was observed, water being expelled by rising 
vapor bubbles. But even at a low rotation rate (~ -- 30 sec -x, G -- i0), despite the ema11 
channel diameter (0.5 cm or even 0.3 cm) liquid motion was stabilized due to circulation. 
At increased rotation rates the forms of boiling were similar to those in loop channels, 
but less stable. 
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Fig. 3. Photographs of the boiling process in a rotating 
vessel: a) ~ = 45 sec-~; b) 65; c) 80 (Q = const). 

The thermal circulation processes described for liquid boiling can be calculated approx- 
imately, using channel 9 of Fig. 1 as a basis, if we assume that the channel segment near 
the axis of rotation, is in contact with the liquid in the collector or with an external 
medium and has a temperature Tx equal to or less than the boillng temperature under atmos- 
pheric conditions Tso and that the lateral portions of the channel Lu and Lb ~u ffi Lb ) are 
thermally insulated (not an obligatory condition), and that the peripheral segment of length 
L~ is uniformly heated by a distributed heat source of known power Q. Then in the process 
of circulation formation the liquid approaches the heater at temperature Tx through channel 
L a and leaves the heated region at temperature Tx + T+, while 

T+ O (SV~)-i" (1) 

In single phase motion of the liquid due to thermal expansion, a Pressure head 

Pv = ~ r §  P+ = o . 5 ~  (r~ - -  r~) ( 2 )  

develops, which compensates the friction resistance Pf, equal for the turbulent regime to 

Pf = O,5kpVZLD -l, L = L = + L s + L b .  (3) 

From this it is evident that the centripetal pressure P+ appears in the expression for 
the presssure Pv which excites the circulation, and this is more important than the increase 
in hydrostatic pressure on the vessel bottom under the action of P+. The resistance coeffi- 
cient k for flow in the radial channels is not known rellably. Under the action of Coriolis 
force it may be tens of times larger than the usual value of 0.02 and may approach 1.5" 10 -s 
D~/2~-I/, [7]. 

From the equation PV = Pf we find the mean liquid veloclty V and the amount by which 
it is heated T+: 

V = (8~QP+)'/a (kap~DL)-lla, 
(4) 

T+ = (8kQZpL ) I la (zZDS~z~p+)-l la. 

If the liquid heating T+ is sufficiently large, so that (T, + T+) > Tso (where Tso 
is the boiling point under atmospheric pressure), then in the centripetal ~low along channel 
Lt~the liquid will boll up in the decreasing pressure field at some radial coordinate r b and 

en boils over the entire extent Of the channel up to the free surface near the axis of ro- 
tation. Significant increases then occur in both the Archimedean pressure head PV, due to 
reduction in density of the two-phase medium, and the friction resistance Pf, due to increase 
in the velocity of the two-phase medium as compared to the liquid velocity V in channel 
segments L a and L2. Calculation of such flows is quite complicated. For simplicity, we 
will assume that T1 = Tse, that the vapor in the boiling zone r~ ~ r ~rb occupies a con- 
stant fraction q of the channel area, that the free liquid surface is close to the axis of 
rotation, so that rx ~ O, and that the resistance to the two-phase flow is described in the 
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same manner as f o r  the  s i n g l e - p h a s e  f low,  wi th  the  d e n s i t y  and v e l o c i t y  p and V being  r e -  
p laced  by the  two-phase medium d e n s i t y  and v e l o c i t y  pa and Vz, and t h a t  the  c i r c u l a t i o n  v e -  
l o c i t y  i s  so h igh  t h a t  as b e f o r e  o n l y s i n g l e - p h a s e  l i q u i d  f lows over  the  l ~ a t e r .  Then Eq. 
(1) remains v a l i d .  With f u r t h e r  l i q u i d  mot ion  along the  channel  LI t h i s  h e a t i n g  leads  to  
e v a p o r a t i o n  of  a f r a c t i o n  of  the  l i q u i d  ~, so t h a t  

= Q ( sv) 0 = T§ 

r~ = 2T+ ( po~  -~ = 2Q (SV~yp~z) -~ at r b < r~, (5) 

p~v~ = p v - -  (pvn + p - -  on) v~, p~v~ = ~pv, 

0:5poSen ~ O,5kD -~ [pVZL ~- e~V~l. 

Here Pv is the vapor density in the region 0 < r < rb, where the pressure is not much more 
than atmospheric; in the last equation the left side represents the pressure which produces 
liquid motion, and the right side is the resistive pressure. From Eqs. (1), (5), neglecting 
terms of second order smallness, we have 

'q ~ p~ (p~ + pv) -~ g 1, 

Qrl (S~,v) -i ~ 0,5kpD -i [VaL + 21/2VSI2pp":lqs/2 (r126zSSp(o2~'V)-1/2]. (6) 

In  the  case  where the  e n t i r e  l i q u i d  t r a c t  i s  l o c a t e d  on the  r o t o r  p e r i p h e r y ,  i . e . ,  
( r a - - r z ) < <  r t ,  we o b t a i n  s i m i l a r  e x p r e s s i o n s  wi th  the  pa ramete r s  ~, n, Pa, V2 a l s o  ex-  
p res sed  by Xq. (5), with the radius at which boiling commences r b and the flow velocity V 
being defined by expressions (second-order terms omitted) 

r b ~ r, + q (rlSV@vPoz) -t at r b < r.., 

, Qr I (Sov) -i ~ 0.5kpD -i [VSL+ VQZpp~ l (r,po2~S6@~)-q. 

(7) 

From this it follows that if the thermal load and vapor formation rate are low, for any 
rz, as before (Eq. (4)) the flow velocity V will be approximately proportional to the heater 
power r a i s e d  to  the  1/3 power, bu t  in  c o n t r a s t  to  Eq. ( 4 ) ,  i t  i s  p r a c t i c a l l y  independen t  of  
r o t a t i o n  f r e quency  ~: 

I I 

V ~ (8Q~).'~- (ukDLp~?( ~ ' ,  ~1 = 1. (8) 

With i n c r e a s e  in  power Q and vapor  fo rma t ion  the  b o i l i n g  zone in  the  channel  L~ expands a t  
0 < r < r b whi le  the  r e s i s t a n c e  to  t h e  two-phase f low i n c r e a s e s  more r a p i d l y  than the  
d r i v i n g  p r e s s u r e ,  d e f i n e d  by the  l e f t  s i d e  of  t he  l a s t  e x p r e s s i o n  of  Eq. (6 ) .  As a conse -  
quence,  the  f low v e l o c i t y  V as a f u n c t i o n  of  h e a t e r  power Q i n c r e a s e s ,  r eaches  a maximum, 
and then  f a l l s .  On t h e  f a l l i n g  branch of  t h i s  dependence 

! 

V ~  2 2 z ~ ~ ~ =  1 at r 1 ~ 0 ,  ( 9 )  [Upv 8 ~ D ~ (p2kZQp~)-l] s , 

V ~ 0.5k-~apvp-~DSr~z~-tl ~ .~ 1 at (r~--r~) ~( rx. (10) 

Here the  v e l o c i t y  V aga in  i n c r e a s e s  wi th  i n c r e a s e  i n  r o t a t i o n  f r equency .  However, the  
d e c r e a s e  i n  c i r c u l a t i o n w i t h  i n c r e a s e  in  power c r e a t e s  c o n d i t i o n s  f o r  a b o i l i n g  c r i s i s .  

To d e s c r i b e  f low i n  v e s s e l s ,  in  the  f i r s t  approx ima t ion  we may use  the  same e x p r e s s i o n s ,  
t ak ing  D equa l  to  h a l f  the  v e s s e l  d i a m e t e r ,  wh i l e  L a = L b i s  t he  h e i g h t  of the  l i q u i d  l a y e r  
and L2 i s  t he  e x t e n t  of  t he  h e a t e r .  

Equations (4), (5), (7)-(10) show that with increase in channel rotation velocity the 
liquid circulation velocity increases, its temperature decreases, the boiling zone decreases 
in size and approaches the free surface, while all these phenomenadepend on heater power in 

a complex manner. 

The above expressions can be refined by considering the dependence of vapor content n 
and velocity V2 on radial coordinate r, the inertial resistance of the vapor flow, tempera- 
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ture conditions on thechannel walls, etc., which naturally leads to some complication of 
the dependence of V and T+ on system parameters. 

According to the observations reported and calculations performed, in rotating chan- 
nels and vessels with G > 10 and Ra w > 10" the following regimes may occur, gradually chang- 
ing with increase in heater power. 

1. Intense circulation of single-phase liquid with temperature below the boiling point. 
In vessels such circulation occurs at low heat levels in the form of a single vortex with 
thermal flux from the heater toward the axis of rotation along the wall not under pressure, 
with this circulation breaking up into several vortices upon increased heating. 

2. The same type of circulation, accompaniedby boiling in a zone near the axis of rota- 
tion and removed from the heater. 

3. Expansion of the boiling zone and its approach toward the heater, accompanied by re- 
duction in circulation velocity. 

4. Extension of the boiling zone to the liquid surface, beginning on the pressure-free 
side of vessel or channel, with breakup of the circulation into disordered Jets or a chain 
of gas bubbles. 

Similarity of the various flows considered for channels and vessels with different param- 
eters is determined by equality of the Reynolds numbers Re = VDu -I for the various flow re- 
gimes and constructions and equality of the relative length of the boiling zone X = (rb--r~) 
( r a - - r ~ )  -1 . 

The Reyno l d s  number can  be found  by m u l t i p l y i n g  t h e  r i g h t  s i d e s  o f  t h e  e x p r e s s i o n  f o r  V 
i n  Eqs .  ( 4 ) ,  ( 8 ) - ( 1 0 )  by Dz - ~ ,  a s  a r e s u l t  o f  which  we o b t a i n  t h e  numbers  N~, N2, Ns,  N. ,  
r e s p e c t i v e l y .  The r e l a t i v e  e x t e n t  o f  t h e  b o i l i n g  zone  i s  e x p r e s s e d  by 

X = 0  or X 2=NSN-~ 1, o r : X  z=NSN~s 1, 

N5 = 8Q (r~rgDpvoZ07) - i  for rl ~ 0. 

X = 0  or X=N6N~21, or X = N o N 4 1 ,  �9 

N ,  = 4Q (z~rlDpwZO7) - t  (r~ ~ rl) - i  for r~ - -  r 1 (( r 1. 

(11) 

We note that according to similarity theory, we obtain a significantly larger number of di- 
mensionless parameters Y* = ~Y, ~* = 6P+l~ Q~ = Q(P+r~) -I, ~* = v(r~) -I, B* = BP+ ~-I, G, 
Rau and simplexes rlr~L, Dr~ z, Lr~ l, PPv- , TzTso, the meaning of which is unclear and the 
use of which is inconvenient. 

As is well known [8], the relative heat-liberation coefficient for heated channels with 
turbulent liquid flow is proportional to the Reynolds number raised to the 0.8 power. Hence, 
for the regimes considered with circulation or convection of continuous liquid or boiling 
outside the heatingzone (regimes i, 2, 3) according to Eqs. (4), (9), the heat-liberation 
coefficient proves to be proportional to the rotation frequency u to the power n = 0.53, or 
proportional to the centripetal acceleration to the power m = 0.265, while In accordance 
with Eq. (10), we may expect that at (r~-- rz) << rl these exponents will increase by a fac- 
tor of three. In addition, there are possible zones (Eq. (8)) where the circulation veloc- 
ity V and heat-liberation coefficient are practically independent of rotation frequency and 
even decrease somewhat with increase in w due to increase in the resistance coefficient k. 
The authors of [3-6] and others, measuring the heat-liberation coefficient under experimental 
conditions most frequently refer to similar expressions Nucow n or G m, or Ra~,n = 2m = 0.5- 
0.66, which correspond to the same dependence of Nu on Ra~ as under stationary conditions. 
In addition, some authors maintain[3, 4] heat liberation depends more intensely on rotation 
frequency (n~l) or that it is completely independent of that parameter (n ffi 0). However 
[9] presented the opposite conclusion, 0.3 < n < 0. Many studies have noted the significant 
dependence of experimental data on vessel and heater form. 

We note that use of the relative acceleration G or the Rayleigh number Ra w as an argu- 
ment, as practiced in [3-5], is not Justifiable, since under usual conditions in rotating 
channels, G > 50, Ra w > 106 the acceleration of gravity g has no effect whatever on the 
character of flow or heat exchange, and liquid circulation or convection with or without 
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boi l ing  occur under d i f f e r e n t  condi t ions  than those present  a t  the commencement of convec- 
t ion  a t  Ra~ ~ 2 .  l0 s, The regimes of in tense  c i r c u l a t i o n  and hoi l tnE outs ide  the heat ing 
zone considered in more d e t a i l  in t h e p r e s e n t  study (regimes 1-3) have a t t r a c t e d  the in -  
t e r e s t  of o ther  r e sea rchers  [10], who have indica ted  tha t  such regimes a r a i n t r i n s i c  to the 
operat ion of e l e c t r i c a l  machinery cooled by l iqu id  helium. 

NOTATION 

~, thermal diffusivit7; D, diameter; g, acceleration of gravity; G, relative accelera- 
tion; k, resistance coefficient; L, length; N, numSer; P, pressure; Q, heater power; Re, 
Reynolds number; Ra~, Eayleigh number; r ,  r a d i a l  coordinate ;  S, c r o s s - s e c t i o n a l  area;  T ,  
temperature; V, mean (over sec t ion)  v e l o c i t y ;  B, volume c o e f f i c i e n t  of thermal expansion; Y, 
boi l ing  poin t - tempera ture  c o e f f i c i e n t ;  6, s p e c i f i c  vo lume t r i chea t  of vapor iza t ion;  ~, vapor-  
i z a t i on  c o e f f i c i e n t ;  n, volume vapor content ;  o ,  volumetr ic  heat  capac i ty ;  v, kinematic 
v i s c o s i t y ;  p, dens i ty ;  X, r e l a t i v e  length of bo i l ing  zone; ~, angular r o t a t i o n  v e l o c i t y .  
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