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A theore t ica l  and exper imenta l  study is shown concerning the heat  t r a n s f e r  during vapor  con- 
densation on a f lat  o r  an axial ly s y m m e t r i c  gravi ty  je t  of cold liquid through a tap. 

Vapor condensation on the sur face  of a f r ee  gravi ty  jet  of cold liquid is accompanied by a high ra te  of 
heat  t r ans fe r ,  which should be of in te res t  to the pe t rochemica l  industry in such a r e a s  as ,  for  instance,  the 
protec t ion  of and the cryogenic- l iquids  s torage  in l o w - t e m p e r a t u r e  the rmos ta t i c  r e s e r v o i r s  as well  as  the 
design of rec t i f ica t ion columns,  jet  devices ,  and smal l  heat  exchangers .  Vapor condensation on the s u r -  
face of a f ree  gravi ty  jet  of cold liquid has been studied both theoret ica l ly  [1] and exper imenta l ly  [2-5]. The 
theore t ica l  solution to the p rob l em  is inaccura te ,  however,  which goes back  to the method of analys is .  Tes t  
data a r e  avai lable for  water  only, and even these data a re  s ca rce .  

This a r t ic le  p r e sen t s  a theore t ica l  ana lys is  of vapor  condensation on a gravi ty  jet  of cotd liquid and 
contains the resu l t s  of an exper imenta l  evaluation of the heat  t r a n s f e r  coefficient  for  Freon-12  vapor  con- 
densing on a jet  of cold liquid Freon-12 ,  which a r e  impor tant  for  specif ic  design calculat ions but a lso  for  
ver i fying the un iversa l i ty  of the theore t ica l  model .  

1. T h e o r e t i c a l  M o d e l  o f  t h e  H e a t  T r a n s f e r  P r o c e s s  

d u r i n g  V a p o r  C o n d e n s a t i o n  o n  a J e t  o f  C o l d  L i q u i d  

We consider  a gravi ty  jet  of cold liquid discharging along the x -ax i s  into a space filled with the same 
substance;  the thermophys ica l  p r o p e r t i e s  of the vapor  will be  a s sumed  known. Le t  the ra te  of heat  t r a n s -  
f e r  be  governed by the ra te  of heat  r em ova l  f rom the condensation surface .  Let  the cha rac t e r i s t i c  l inear  
dimension L in this p rob lem be half  the or i f ice  width or  the or i f ice  radius  in the flat  o r  in the axial ly s y m -  
m e t r i c a l  case  respec t ive ly ,  the d ischarge  veloci ty at  the tap be U 0, and the velocity at sect ion x - x  be U. 
When analyzing the p rob lem in the hydraul ic  approximat ion,  according to [1], one may  in the equation of 
je t  flow omit  the t e r m s  which r e p r e s e n t  the effect  of sur face  tension, the var ia t ion  of vapor  p r e s s u r e  along 
the x - a x i s ,  and the effect  of prec ip i ta t ing  condensate on the jet  width or  radius .  Here  the je t  veloci ty  is 
de te rmined  independently of the solution to the " thermal"  p rob lem.  Assuming,  for  s implici ty ,  an ideal 
nozzle (flow coefficient tp = 1) yields  

u (~) = V 1 + ~ .  (1) 

The location of the phase - t r ans i t i on  boundary y = 5 (x) is de te rmined  f rom the condition of continuity with 
r ega rd  to the m a s s  flow, namely  in d imens ionless  fo rm 

~ + '  (~) u (~) = 1, (2) 

where k = 0 co r responds  to a flat  jet  and k -- 1 co r re sponds  to an axial ly s y m m e t r i c  jet.  

In consider ing the " the rmal"  p rob lem,  we make the following assumpt ions:  

a) the convective heat  t r an s f e r  is de te rmined  la rge ly  by the veloci ty distr ibution in the liquid, which 
in the hydraulic  approximat ion is uni form ove r  a t r a n s v e r s e  jet  section, and 
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b) the ra tes  of molecular  and turbulent heat t ransfer  are  much higher in the t ransverse  direct ion 
than in the longitudinal direction. 

Assuming,  fu r thermore ,  that certain symmet ry  conditions of the problem are satisfied, we have on 
the bas is  of all this the following equation of heat t ransfer :  

U (X) o-)- = cpp . ov ~ i y Oy 

In the case of very  small  velocity gradients,  it may be surmised  that the mechanism of turbulent heat 
t ransfer  depends not on the velocity gradient but on the absolute velocity of the liquid, while the rate of 
molecular  heat t r ans fe r  is proport ional  to the s t r eam velocity and to the jet width or  radius [1]. In the 
case of a flat jet, evidently, it would be more  appropriate to assume that the rate of turbulent heat t ransfer  
is proport ional  to the s t ream velocity and to the charae te r i s t ic  l inear dimension L. In t e rms  of s imilar i ty  
theory,  the coefficient of turbulent heat t ransfer  can be expressed  as 

~., (x) = eCopU(x) [k~6 (~) -!- (1 - -  k) L], (3) 

where e = 5 .10-4-10 -3 is an empir ica l  constant based on this theory. For  the major i ty  of prac t ica l  heat 
c a r r i e r  substances,  except liquid metals ,  X/X T << 1 at discharge velocities U 0 > 1 m / s e c  and L > 10 '  3 m, 
which allows us to d i s regard  the molecular  component of the thermal  flux in the heat t ransfer  equation. 
Changing now to the dimensionless  var iables  77 = y / L  and 0 = (Ts -T) / (Ts -T0) ,  we have 

( a~o k O0 ) 00 _ ~ [~,~ (~) __ 1 - k ]  . . . . . . .  (41 
O~ Oq 2 ~1 Oq 

The dimensionless  tempera ture  distribution in the jet 0(~, ~) is constrained by the following sys tem of 
initial and boundary conditions: 

00 
0(0, n ) = l ;  0(~, ~ ( ~ ) ) = 0 ;  -~-(~, 0 ) = 0  (5) 

The las t  equation in (57 is a consequence of the problem symmetry .  The sys tem of boundary conditions (5) 
is not convenient for use,  because the unknown function is defined here  on a "moving" boundary ~? = 6(~) [6]. 
It is worthwhile to change to new dimensionless  var iables  t = ~ and z = ~/6(~), which will great ly  simplify 
the sys tem of boundary conditions. With the aid of the appropriate t ransformat ion pa i r s  [6], Eq. (4) be-  
comes 

ao U(t) dO e [ k 6 ( t ) + l - - k ]  [ 0~0 k 00~ 

at 6 (t) Oz 6 ~ (t) OP z Oz 

the analysis  of heat t r ans fe r  aeeording to relat ions (1) and (27 reduces to solving with 5' (t) = d6/dt. Thus, 
the following problem: 

3 ( a*o k ao ~, 

ao 
0(0, z )=  l; 0(~, 1)=O; ~ (~o, 0 ) = 0 ,  (6) 

A re turn  to variable ~ cannot lead to ambiguities here.  

It must  be noted that in the equation in [1], which is analogous to Eq. (6), the term az/2(1 + k)(80/~z) 
is missing.  The solution obtained in [1] must  not be treated as the zeroth approximation for small  values 
of the dynamic pa rame te r  a ,  however,  because then a would have to be made to approach zero in all coef-  
ficients of the equation without exception. 

Problem (6) for small  values of the dynamic pa rame te r  (a < 1) represents  the case of so-ca l led  
regular  per turbat ions  [7]. Expanding the coefficients in Eq. (6) into ser ies  of positive powers in o~, and 
express ing the unknown function in the problem as 

0 = ~ ~-o~ (~, z), (7) 
n = O  

we obtain a r ecur ren t  sys tem of l inear  problems in heat conduction theory, the solution to which is ra ther  
well known. Omitting all the intermediate steps, we show here the final express ions  for the local coeffi- 
cient of heat t ransfer  f rom vapor to liquid - accurate  down to the f i r s t -degree  a - t e r m s  inclusively. 
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Fig. 1. Coefficient a T / C p p U  o as a functionof the di-  
mens ion less  jet  length, a) F la t  jet: 1) a = 0.001; 2) 
0.005; 3) 0.01; 4) 0.02. b) Axially s y m m e t r i c  jet: 1) 
a = 0.001; 2) 0.01; 3) 0.02; 4) 0.03; 5) 0.05; 6) 0.07. 
Solid l ines r e p r e s e n t  r esu l t s  obtained by these authors ,  
dashed l ines r e p r e s e n t  r e su l t s  in [1]. 

In a flat  jet  
c o  

% -- 2e (I -k ~ )  ~ exp ( - -  6~o~) 
CpPUo ' ,~---o 

rcZ=O -,  

(8) 

where w m = (2m + 1)/2 and the p r i m e  sign a f t e r  the doub le - summat ion  sign indicates that t e r m s  with m = n 
a r e  to be omitted.  

In an axial ly s y m m e t r i c  je t  

% ~ [  ~ a ~ t ~  ] exp (--  e ~ )  C~--~o =e 2 + cdj 4 
n ~ I  " " 

I 

' ~ '  exp ( - - e ~ t ~ ) -  exp (eF~) ~t n [" 
~-~ . 71  2 2 } do ([znx)]1 (~thx) x2dr, (9) 

k,n~t 0 

where ~k a re  the roots  of the t ranscendenta l  equation J0(/Zk) = 0 and the p r i m e  sign a f te r  the doub le - sum-  
mat ion sign has  the same meaning as  in Eq. (8). 

We note that the local heat  t r an s f e r  coefficient  a T was defined on the bas i s  of the cha rac t e r i s t i c  in 
this p rob lem t empera tu r e  drop T s - T  0. Using the local  mean (over a t r a n s v e r s e  sect ion of the jet) t e m -  
pe r a tu r e  drop [1] is ,  evidently, l e ss  convenient for  p rac t i ca l  calculat ions,  because  it r e su l t s  in more  un-  
wieldy fo rmulas .  

Calculated values of the local  coefficient  of heat  t r a n s f e r  between vapor  and liquid a r e  shown in 
Fig. 1 as a function of the length coordinate  and of the dynamic p a r a m e t e r  in the p rob lem.  The dashed 
l ines here  r e p r e s e n t  values of this coefficient  according to the fo rmulas  in [1] for  a fiat  jet.  

We note, in conclusion, that the solution obtained he re  for  a f lat  and an axial ly s y m m e t r i c  je t  can 
be t rea ted  as the zeroth  approximat ion in de termining how the flow dynamics  and the heat  t r an s f e r  during 
vapor  condensation on a f ree  gravi ty  jet  of cold liquid a re  affected by the prec ip i ta t ing  m a s s  of conden- 
sate .  
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Fig. 2. Schematic diagram of the test apparatus:  1) container; 
2) jacket; 3) thermal  insulation; 4) gear  pump; 5) model FAK- 
1.5 re f r ige ra to r ;  6) centrifugal pump; 7) heat exchanger (evapo- 
rator) ;  8) model 17-50 re f r ige ra to r ;  9) tap; 10) flow meter ;  11) 
x - y  plotter;  I) liquid Freon-12;  II) Freon-12 vapor; ITI) F reon-  
22; IV) solution of calcium chloride salt; V) water.  EKT are 
e lec t r ic -con tac t  the rmomete r s ;  EKM are e lec t r ic -contac t  ma-  
nometers ;  M are  standard manometers .  

2 .  E x p e r i m e n t a l  S t u d y  o f  t h e  H e a t  T r a n s f e r  P r o c e s s  

d u r i n g  V a p o r  C o n d e n s a t i o n  on  a J e t  o f  C o l d  L i q u i d  

We will descr ibe  here  the test  apparatus (Fig. 2) and the resul ts  of measurements  by which the co-  
efficient of heat t ransfer  between vapor and liquid was determined for Freon-12 condensing on fiat or  
axially symmet r i c  jets of cold liquid during their  medium-veloci ty  gravity discharge through a tap into a 
space filled with vapor. Quantitative charac te r i s t i cs  of this p rocess  have been established on this basis ,  
which should be useful for engineering designs with Freon-12 as the re f r igeran t  and also for ascer ta ining 
the reliabil i ty of the theoret ical  model constructed in the preceding chapter.  Freon-12 vapor was con- 

densed in a hermet ic  container i with viewing windows 
~'r o j for visual observat ions and for flashlight photography. U: 03' ~ o The bottom of container 1 was covered with a layer  of 
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Fig. 3. Coefficient ~ T / C p p U  0 as a function of 
the dynamic p a r a m e t e r  o~, for a fiat jet: 1 )  
theoret ical  values with ~ = 50; 2) 100; 3) 200; 
4) 400; 5) 600; I) test  values with ~ = 50; II) 
100; III) 200; IV) 400; V) 600. 

liquid Freon-12 at a tempera ture  within - 1 4  to -30~ 
The sa tura ted-vapor  p r e s s u r e  was varied here f rom 
1.024 to 2.000 arm. abs. Container 1 was placed inside 
a glass jacket 2 with thermal insulation on top, through 
which a solution of calcium chloride salt  CaC12 c i rcu-  
lated driven by a gear  pump 4 for cooling the r e f r i ge r -  
a tor  5. This a r rangement  ensured a constant given 
thermal  flux to the inner container 1. 

In o rder  to maintain the s teady-s ta te  mode of 
operation, par t  of the liquid Freon-12 was driven by 
pump 6 f rom container i to the heat exchanger (evapo- 
rator) 7 of the re f r igera t ing  complex 8 and, in this way, 
the liquid Freon-12  was subcooled by 5-10~ A con- 
stant temperature  of the liquid at the exit f rom the heat 
exchanger was ensured by operating the r e f r ige ra to r  8 
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Fig. 4. Coefficient ~T /Op  pU 0 as a function of the dynamic p a r a m -  
eter  a ,  for an axially symmet r i c  jet: 1) theoretical  values with 
= 14.3; 2) 25; 3) 50; 4) 100; 5) 200; 6) 300; 7) 400; I) test 
values obtained by these authors for Freon-12 with ~ = 14.3; II) 
25; IH) 50; IV) 100; V) 200; VI) 300; VII) 400; VIII) test values 
obtained by V. P. Isachenko for water  with ~ = 25; IX) 50; X) 
100; XI)200; XH)300; XIII)400. 

in the given mode, checked with an e lec t r ic -contac t  thermometer .  Vapor in container 1 condensed on the 
surface of the jet of subcooled Freon-12 discharging into that vapor space through the special tap 9. Sta- 
bility of the p rocesses  inside container 1 was indicated by steady readings of the standard manometers  and 
by the rhythmicity of r e f r ige ra to r s  5 and 8 operation. The flow rate and thus also the discharge velocity 
of a jet f rom the tap was measured  by a volumetr ic  flow mete r  10 in the hydraulic system in paral le l  with 
the main container. The vapor tempera ture  along the container height was measured  with 12 thermo-  
couples. The jet temperature  at the tap exit section was measured  with a thermocouple installed in the 
or if ice and the jet tempera ture  at var ious heights, at sections x = 50, 100, 200, 300, and 400 mm above 
the tap orif ice was measured  with a thermocouple which was also connected to an x - y  plot ter  11. F r o m  the 
plot we then determined the variat ion of the jet d iameter  along its height, and this made it possible to 
establish the heat t ransfer  surface between jet and vapor.  The thermocouples were made of copper and 
constantan wires  0.3 mm in d iameter  and calibrated. 

The test  stand was furnished with automatic switching for the r e f r ige ra to r s  (including e l ec t r i c -con-  
tact the rmometers  and manometers ,  also a p r e s su re  relay) as well as with shutoff, regulating, and p r o -  
tective equipment. 

Condensation of Freon-12 vapors  on fiat jets was studied with taps having an orif ice c ross  section of 
1 x 25 mm and 2 • 25 ram, respect ively,  the jet velocity at the tap orif ice was var ied f rom 0.66 to 2.8 
m / s e e ;  axially symmet r i c  jets were studied with taps 2-7 mm in diameter  at a discharge velocity f rom 
0.5 to 7 m / s e e .  The maximum jet length was 0.4 m. 

The coefficient of heat t ransfer  f rom vapor to jet was determined on the basis  of test data, according 
to the heat balance equation 

~-T~ ( V ~ - -  To) = pgoS (i~ - -  io). (10) 

Here F x was determined in tests ,  considering the heightwise variat ion of the jet section. The value of 
coefficient a T  determined according to (10) represen ts  a mean-over - the- leng th  value for the interval  0 to 
x. This coefficient is related to the local heat t ransfer  coefficient in the preceding chapter  a T :  

" -= ~T ((P) d% 

0 

In Figs.  3 and 4 are  shown resul ts  of experimental  and theoret ical  studies concerning the dimension- 
less  coefficient of heat t ransfer  between Freon-12  vapor  and liquid ~ T / C p  pU 0' as a function of the dynamic 
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p a r a m e t e r  a and the d imens ion less  jet  length ~, for  a fiat  and an axial ly s y m m e t r i c  jet,  r espec t ive ly .  
Alongside,  in Fig.  4, a r e  also shown data obtained by Isachenko for  wa te r  [5]. 

The effect  of je t  splashing was not taken into account in the evaluation of tes t  data. 

Thus,  this evaluation of tes t  data per ta in ing  to the condensation of Freon-12  and water  vapors  [5] on 
liquid je ts  of the same  re spec t ive  substance has  conf i rmed the val idi ty of the theore t ica l  model  of the heat 
t r a n s f e r  p r o c e s s  within the tes t  range of values  of the governing p a r a m e t e r s .  An ag reemen t  between ca l -  
culated theore t ica l  re la t ions  and exper imenta l ly  es tab l i shed  re la t ions ,  accura te  within 15-20~ is feas ible  
with only the ze ro th -deg ree  a - t e r m s  re ta ined in expres s ions  (8) and (9). 

x , y  
Uo 
U 
u(~)  = u / v  o 

= x / L  

= y / L  

6(x) 
(4) = ~(x)/L 

a : 2gL/U20 

Cp 

P 
X, A T 
T = T(x, y) 
To, Ts  

0 

J0, J1 
Fx 
S 

h0, hx 
a T '  f iT 

NOTATION 

are the longitudinal and transverse coordinates of any point in the jet; 
is the jet discharge velocity; 
is the jet discharge velocity at section x-x; 
is the dimensionless jet discharge velocity at section ~-~; 
is the dimensionless longitudinal coordinate; 
is the dimensionless transverse coordinate; 
is the half-wldth or radius of the jet at section x-x; 
is the dimensionless half-width or radius of the jet at section ~-4; 
is the dynamic parameter in the problem; 
is the specific heat of the liquid; 
is the density of the liquid; 
are the molecular and turbulent thermal conductivity of liquid, respectively; 
is the local temperature in the jet; 
are the temperatures of liquid at the tap orifice and at the phase-transition boundary, 
respectively; 
is the dimensionless jet temperature; 
are the Bessel functions of the first kind, of zeroth order and of first order, respectively; 
is the lateral surface area of jet of length x; 
is the area of tap orifice; 
are the enthalpies of liquid at the tap orifice and at section x-x, respectively; 
are the local and mean-over-the-length coefficient of heat transfer between vapor and 
liquid; 
is the acceleration of gravity. 
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