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The resul ts  of an experimental  investigation into the thermal  boundary layer on a wire 
associated with boiling in a f ree volume are  presented. The tempera ture  profiles a re  
i l lustrated and briefly analyzed. The effect of gas bubbles on the s t ructure  of the the r -  
mal boundary layer  is demonstrated.  

Investigations into the thermal  boundary layer  associated with boiling processes  provide useful in- 
format ion for perfecting our theoret ical  concepts as to the mechanisms underlying heat t ransfer  in boiling. 
Until recently,  such investigations had most ly  been car r ied  out with thermocouple probes [1-3]. However, 
optical methods may also be used for studying the thermal  boundary layer  in boiling. One of the several  
possible methods of using the well-known T~pler optical technique, together with ordinary  and motion- 
picture photography of the process ,  was described in [4]. A method of calculating the temperature  pro-  
files in a thermal  boundary layer  was also set out in that paper. 

In this paper we shall present  some experimental  resul ts  relating to various modes of boiling and 
shah briefly analyze these. The experiments  were car r ied  out in water at a tmospher ic  pressure .  The 
working par t s  were a wire and a plate. We studied the boiling of saturated and underheated liquid. 

A typical photograph of a thermal  boundary in the f ree-convect ion  mode is shown in Fig. 1. The 
light and dark in ter ference  bands correspond to isotherms.  F rom the photographs we may determine the 
thickness of the thermal  boundary layer  ST, and est imate the influence of the mode of boiling and the 
heater  geomet ry  on this parameter .  The cor rec tness  of the calculation based on the method of [4] was ve r i -  
fied by comparing the excess tempera ture  at  the wire (obtained by direct  measurements  in a bridge or 
potentiometer circuit) with the calculation based on the interference bands. The mean-square  deviation was 
10-20%. Grea ter  deviations occurred  for small  thermal  fluxes, q = 50,000 W/m2. The resul ts  of some cal -  
culations of t empera ture  profiles,  obtained photographically in the free convection mode for various under-  
hearings and thermal  fluxes, a re  shown in Fig. 2. The analysis  is presented in dimensionless coordinates.  
The continuous line gives the theoret ical  solution obtained in [6] for a i r  (Pr a = 0.7). The experimental  
conditions were matched to the theoret ical  analysis  by incorporat ing a fac tor  D~'0"25D0"25 The physical ~ /  ~a " 
pa ramete r s  were determined f rom the mean tempera ture  of the thermal  boundary layer.  

The sa t i s fac tory  agreement  between the experimental  data and the theoret ical  solution expressed in 
Fig. 2 se rves  as an additional confirmation of the validity of the method employed for analyzing the photo- 
graphs of the thermal  boundary layer.  The photograph in Fig. 3a shows the thermal  boundary layer for the 
boiling of an underheated liquid (t o = 39.8~ t w = 118~ q = 832,000 W / m  2, wire diameter  0.07 mm) in the 
"degassing" or ~gas-bubble" mode [5]. This mode is charac ter ized  by an ideal spherical  shape of the gas 
bubbles, and also a considerable local reduction in the wall t empera ture  under the ~'stem" of the bubble. In 
Fig. 3b the resul ts  a re  given of an analysis  of the interference pattern shown in Fig. 3a. The tempera ture  
axis y coincides with the axis of the bubble in the ver t ica l  plane. Along the y a x i s w e  have plotted the ex-  
cess  t empera ture  0 = t - to, where t o is the tempera ture  of the main bulk of the liquid, t is the current  
tempera ture  in the thermal  boundary layer.  We see f rom Fig. 3a, b that the tempera ture  of the wire in the 
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Fig. 1. l~hotograph of a t he rma l  bound- 
a r y  l ayer  for  the boiling of underheated 
liquid (q = 0 .22 .10  G W/m2;  t e m p e r a t u r e  
of the liquid t o = 61~ t e m p e r a t u r e  of the 
wi re  105~ d i ame te r  0.2 ram). 

zone of action of the bubble, ~85~ is much lower than its,  
ave rage  t empe ra tu r e ,  118~ Knowing the ave rage  densi ty  
of the t he rma l  flux, the d i ame te r  of the hea te r ,  the di -  
mensions  of the zone of act ion of the bubble, and the local 
fal l  in t empe ra tu r e ,  we may calculate  the intensif icat ion 
of heat  t r a n s f e r  due to the r e l e a s e  of heat  through a single 
bubble. The calculat ion gives a local r i s e  by a fac tor  of 
two for  the t he rma l  flux in the zone of " thermal  influence" 
of the bubble ab. If we es t ima te  the proport ion of the sur face  
occupied by the " s t em of the bubble" in the zone of " the r -  
mal  inf luence,"  we may  calculate  the intensi ty  of heat t r a n s -  
fe r  through the bubble. An approx imate  es t ima te  gives an 
"effect ive" h e a t - t r a n s f e r  coefficient  through the bubble of 
~e  = 1.5" 105 W / m  2 �9 deg. Line 2 in Fig. 3b l ies  in a ho r i -  
zontal plane and cor responds  to the outer  boundary of the 
t he rma l  boundary l ayer  under the lower genera to r  of the 

wire .  The thickness  of the boundary layer  n e c e s s a r y  for  the const ruct ion of line 2 is d i rec t ly  d e t e r -  
mined f r o m  the in te r fe rence  pa t te rn  of Fig. 3a. Curves  5, lying in the ve r t i ca l  c ro s s  sect ions ,  r e p r e s e n t  
the t e m p e r a t u r e  prof i les  along the length of the wire  under the lower  genera to r .  

Curve 4 re f lec t s  the change in the excess  t e m p e r a t u r e  ~ = t w - t  o of t hewi r e  su r face ,  a l so  under the 
lower  genera to r .  

The foregoing analys is  is quanti tat ively only approximate .  F o r  m o r e  accura t e  e s t ima tes  it is de-  
s i r ab le  to combine longitudinal and t r a n s v e r s e  in t e r fe rence  pat terns ,  so as  to allow for  the t e m p e r a t u r e  
dis tr ibut ion around the hea ter  p e r i m e t e r .  

The p resence  of light bands in the upper  par t  of the bubble suggests  the exis tence of convective heat  
t r a n s f e r  between the bubble and the cold liquid. 

Visual observa t ions  showed that bubbles of this kind had a long life. 

It was a m o r e  complicated ma t t e r  to obtain a c lea r  photographic picture  of the t he rma l  boundary 
layer  in the bubble boiling of a sa tura ted  liquid. 

One of the photographs of this mode of boiling is  shown in Fig. 4. Such photographs a r e  inadequate 
for  construct ing sa t i s f ac to ry  t e m p e r a t u r e  prof i les  (because of the thin t h e r m a l b o u n d a r y l a y e r ) .  Never the less ,  
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Fig. 2. Dimensionless  t e m p e r a t u r e  prof i les  of the t h e r -  
mal  boundary l ayer  on the lower genera to r  of the wire  in 
the f r ee  convection mode: 1) underheat ing 80~ 2) unde r -  
heating 60 ~ C; 3) underheat ing 40 ~ C; 4) underheat ing 20 ~ C 
(the continuous line r e p r e s e n t s  a theore t ica l  solution of 
[6]). 
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Fig. 4. Photograph of the thermal  boundary layer  
while boiling (q = 0 .162.10 ~ W//m 2, t w = 110.5~ 
t o = 97.6~ wire d iameter  0.4 ram). 
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Fig. 3. a) Photograph of a gas bubble (q = 0.96 �9 106 W 
/ m 2; liquid tempera ture  t o = 39.8 ~ C; wire tempera ture  
118~ wire diameter  0.07 ram); b) comparat ive t em-  
perature  profiles and thicknesses of the boundary layer 
in the region of action of a single gas bubble: 1) axis of 
wire; 2) outer boundary of the thermal  boundary layer  
on the side of the lower genera tor  of the wire;  3) v e r -  
tical axis of the bubble; 4) t empera ture  distribution 
along the wire;  5) tempera ture  profiles over the c ross  
sections of the thermal  boundary layer  along the length 
of the wire. X, mm; ST, ram. 

we may still judge the general  dimensions of the 
thermal  boundary layer,  its configuration in the 
zone of action of the vaporizat ion centers ,  and so 
forth. 

In the bubble boiling of a saturated liquid, 
pract ical ly  l inear tempera ture  profiles a re  ob- 
tained in the thermal  boundary layer.  This indi- 
cates that, for this mode of boiling the heat 
t ransfer  is mainly effected by thermal  conduc- 
tion through the thin boundary layer. The photo- 
graphs presented in this paper represent  par -  
t icular cases ,  which a re  nevertheless  the most  
charac te r i s t ic  of the corresponding modes of 
boiling. For  each mode of heat t ransfer  we took 
ord inary  and motion-picture  photographs of the 
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proces s  for  var ious wire d iameters  and plate s izes,  and different  thermal  fluxes and underheatings of the 
liquid. A check on the reproducibi l i ty  of the p ic tures  of the thermal  boundary layer  yielded excel lent  r e -  
suits. 

Thus the use of the optical methods of TSpler for  studying the thermal  boundary layer  during boiling 
supplements existing physical concepts as to the mechanism of heat t r ans fe r ,  and also provides additional 
quantitative charac te r i s t i c s  ( temperature  profi les ,  thicknesses  of the thermal  boundary layer ,  etc.). 

N O T A T I O N  

t l is the cur ren t  t empera tu re  of liquid, ~ 
t o is the bulk t empera tu re  of the liquid, ~ 
t w is the t empera tu re  of the wire  surface ,  ~ 
Gr is the Grashof  number;  
y is the cur ren t  coordinate f rom the lower genera tor  of the wire,  ram; 
R is the radius of the wire,  mm; 
P r  a = 0.7 is the Prandtl  number for  a i r ;  
P r  is the cur ren t  Prandtl  number  for  water;  
5 T is the thickness of the thermal  boundary layer  on the lower genera tor  of the wire,  ram; 
X is the cur ren t  coordinate along the axis of the wire,  the origin of coordinates  being at  the 

center  of the bubble. 

1. 

2. 
3. 

4. 

5. 

6. 

L I T E R A T U R E  C I T E D  

F. Gunter and Kreith,  P r o g r e s s  Repor t  No. 4-120, Jet  Propuls ion Laboratory ,  California Institute 
of Technology (1950), 
G. G. Treshchev,  Teplo~nergetika,  1, 3 (1957). 
Marcus and Dronkin, Heat T rans fe r ,  Transact ions  of the Amer ican  Society of Mechanical Engineers ,  87, 
Ser.  C, No. 3, 14 (1965). 
V. I. Baranenko and Yu. A. Kardashev, Transact ions  of the Nikolaev Ship-Building Institute, Heat 
Energy Ser ies  [in Russian], No. 33 (1970), p. 31. 
M. Bihar,  M. Kurto, R. Rik, and R. Semery,  in: Advances in Heat T rans fe r  [Russian translat ion],  
Mir (1970). 
Chen, Ossin, and Tain, Heat Trans fe r ,  Transact ions  of the Amer ican  Society of Mechanical En-  
gineers ,  Ser. C, No. 4, 27 (1964). 

1006 


