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Experimental data on the boiling heat transfer of a Freon-22-dibutyl 
phthalate solution have been obtained on a special apparatus. The 
dependence of the heat-transfer coefficient on the heat load, pressure, 
and solution concentration has been established, 

The poss ibi l i ty  of designing a F r eon  absorp t ion-  
r e f r ige ra t ing  machine  operat ing on an F -22-d ibu ty l  
phthalate (DBP) solution was demons t ra ted  in [1-3] .  
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Fig.  1. Diagram of the exper imenta l  appara tus :  
1) boi ler ;  2) exper imenta l  tube (dout = 7.4 mm);  
3) cooler;  4) vapor  l ine;  5) liquid line; 6)s tep-  
down t r a n s f o r m e r ;  7) UTT-5 cu r ren t  t r a n s f o r m e r  

8) laboratory au to t r ans fo rmer .  

Subsequent t es t s  on an exper imenta l  model of such 
a machine  conf i rmed that it  could operate  on this  so lu-  
t ion with a sufficiently high the rmal  coefficient (~ = 
= 0.50--0.65). 

For design purposes it is necessary to know the 
h e a t - t r a n s f e r  coefficients for  this  solution, on which 
there  a re  no published data.  

Accordingly,  we invest igated the heat t r a n s f e r  of 
an F -22 -DBP solution boil ing in a hor izon ta l  tube. 
Our invest igat ion included the de te rmina t ion  of the 
h e a t - t r a n s f e r  coefficient in the indus t r ia l  range of 
var ia t ion  of the p a r a m e t e r s .  In the exper iments  we 
es tabl ished the re la t ionship  between h e a t - t r a n s f e r  
coefficient and the heat 10ad, and the effects of p r e s -  
su re  and concent ra t ion  of the solution on heat  t r a n s f e r .  

The exper imenta l  apparatus  (Fig. 1) consis ted of 
boi ler  1, covered with insulat ion to p reven t  heat losses ;  
exper imenta l  tube 2; cooling coil  3; and connecting 
tubes .  The pr incipal  e lement  of the apparatus  is the 

bo i le r ,  a hor izontal  cyl inder  220 mm in d i ame te r  and 
270 m m  long with two observa t ion  windows measu r ing  
200 • 70 mm.  The exper imenta l  tube, 0.25 m m  thick, 
which at the same  t ime se rves  as hea ter ,  is placed at  
the center  of the cyl inder .  The ends of the tube a re  
inser ted  and sealed into ma ss i ve  copper caps mounted 
in the cyl inder  by means  of special  glands.  These  
glands,  with textoli te s leeves  that fit  over the caps and 
an o f f - res i s t an t  rubbe r  packing, isolate the e xpe r i -  
menta l  tube f rom the bo i le r  housing.  Low-voltage 
a l t e rna t ing  c u r r e n t  is supplied to the f ree  ends of the 
caps f rom a welding t r a n s f o r m e r  (220 • 1.6 V). 

To vary  the hea t  load on the exper imenta l  tube, a 
l abora tory  au to t r ans fo rmer  was connected to the p r i -  
m a r y  of the welding t r a n s f o r m e r .  

As the ma te r i a l  of the exper imenta l  tube, we used 
low-carbon  steel  with a no rma l ly  oxidized sur face .  

The d imens ions  of the exper imenta l  tube and the 
power of the stepdown t r a n s f o r m e r  made it poss ib le  to 
obtain heat loads up to 32 000 W / m  2. 

The cu r r en t  flowing through the exper imenta l  tube 
was measu red  with a cu r ren t  t r a n s f o r m e r  with a tu rns  
ra t io  of 120 and a class  0.5 as ta t ic  a m m e t e r .  

The voltage drop in the exper imenta l  tube was 
measu red  by means  of a vo l tmete r  with a tube ampl i -  
t i e r ,  which was connected in pa ra l l e l  with the working 
sect ion.  

To m e a s u r e  the t e mpe r a t u r e  of the inside wail of 
the tube, we used copper -cons tan tan  thermocouples ,  
whose emf ' s  were measu red  by means  of a c lass  0.015 
R-306 low- re s i s t ance  potent iometer  with an "Etalon" 
G P Z- 2  null  ga lvanometer .  

The t e mpe r a t u r e  of the solution in the boi ler  was 
measu red  with a copper -cons tan tan  thermocouple ,  
whose hot junct ion was  posit ioned 40-50  m m  from the 
heat t r ans f e r  sur face ,  and a t he r mome t e r  graduated 
in 0.i ~ C. 

The pressure in the boiler was measured with a 

r e fe rence  m a n o m e t e r .  The p r e s s u r e  in the c i rcu la t ion  
loop was var ied by vary ing  the ra te  of flow of coolant 
through the condenser .  The boil ing p rocess  was ob- 
se rved  v isua l ly  through the observa t ion  windows. 

Different concentra t ions  were  created as follows. 
A ce r t a in  amount  of DBP was introduced into the evac-  
uated c i rcu la t ion  loop. Then a cer ta in  quantity of 
F reon-22  (CHC1F 2) was added to give the calculated 
m a s s  concentra t ion .  A f t e r  ca r ry ing  out exper iments  
at this concentra t ion,  we added a fur ther  amount of 
F reon -22  and repeated the exper iments ,  etc. Con-  
cent ra t ion  m e a s u r e m e n t s  were  made at the beginning 
and end of each exper iment .  

The boil ing h e a t - t r a n s f e r  coefficients  were  ca lcu-  
lated f rom the formula  
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Before the ma in  exper iments  were  per formed ,  the 
exper imenta l  appara tus  was tes ted with water .  

In the f i r s t  exper iments  we de te rmined  the hea t -  
t r a n s f e r  coefficient of pure  DBP unde r f r ee - convee t i on  
condit ions at a tmospher ic  p r e s s u r e  in the t empera tu re  
range 20-80  ~ C. The re su l t s  of these exper iments  are  
well  descr ibed  by the equation 

a = Cq ~ (2) 

The coefficient C depends on the t empe ra tu r e  of the 
DBP and can be calculated from the formula  

0 C : 3.0 -- 0.0655t + .00203t ~. (3) 

Exper imen t s  on a boi l ing solut ion of F - 2 2 - D B P  
were  conducted at five F r e o n  concent ra t ions :  0.095; 
0.167; 0.240; 0.320; 0.390 in the range of heat loads 
f rom 2000 to 32 000 W / m  2 and at p r e s s u r e s  of 2 . 3 -  
8.7 bar .  

The re su l t s  of these  exper iments  a re  p resen ted  in 
Table  1. 

We will cons ider  the effect of heat  load, p r e s s u r e ,  
and concent ra t ion  on the h e a t - t r a n s f e r  coefficient for 
a boi l ing F - 2 2 - D B P  solution.  

The exper imenta l  data ~ = f(q) for  four p r e s s u r e s  
at a concent ra t ion  of 0.24 a re  p resen ted  in Fig .  2. 
Clear ly ,  the exper imenta l  data a r e  well  descr ibed  by 
an equation of the form 

a : Cq ~. (4) 

The same pic ture  is a lso  observed at other  concen-  
t r a t ions .  

It is a lso c lea r  f rom the graph that at  constant  
concent ra t ion  the l ines  of d i f ferent  p r e s s u r e s  a r e  
a lmos t  para l l e l ,  which indicates  that the exponent n 
of the heat  load q is independent of the F r e o n  p r e s s u r e .  
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Fig.  2. H e a t - t r a n s f e r  coefficient  (W/m 2 . 
�9 dog) of a boi l ing F - 2 2 - D B P  solution as  
a function of the heat  load (W/m 2) and 
p r e s s u r e  at a concent ra t ion  of 0.24: 1) p = 

: 2.65 bar ;  2) 4�9 3) 5.4; 4) 6.3. 

An ana lys i s  of the exper imen ta l  data for  ident ical  
p r e s s u r e s  but d i f ferent  concent ra t ions  shows that the 
slope of the l ines  in logar i thmic  coordinates  does not 

r e m a i n  constant ,  but va r ies  somewhat,  depending on 
the concentra t ion  of the solution�9 In the concentrat ion 
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Fig.  3. Effect of the concentrat ion of 
an F - 2 2 - D B P  solut ion on the boil ing 
heat t r a n s f e r :  1) q = 5800 W/m2; 
2) 11 600; 3) 23 000; a) p = 2.65 ba r ;  

b) 6.2. 

range invest igated,  the exponent n in Eq�9 (4) can be 
expressed ,  co r r ec t  to 3%, by the equation 

n = 0.7 - -  0 . i5  ~s- (5) 

F r o m  the ma te r i a l  p resen ted  in Table I it is c lear  
that as the p r e s s u r e  inc reases  the he a t - t r a n s f e r  rate 
also i nc r ea se s .  Thus,  for example,  at a solution con-  
cent ra t ion  of 0.167, as the p r e s s u r e  inc reases  f rom 
2.65 to 6.1 ba r s ,  the h e a t - t r a n s f e r  coefficient c~ in -  
c r e a se s  by 25%. The same  holds t rue  at other  con-  
cen t ra t ions .  

The inc rease  in a with inc rease  in p r e s s u r e  at 
~F = cons t i s  a t t r ibutable  to a dec rease  in the viscosi ty  
of the solut ion as a r e su l t  of the r i s e  in t empe ra tu r e .  

An ana lys i s  of the exper imenta l  data (Fig. 3) shows 
that when the invest igated solution boils  while tb~e c o : ~ -  

cent ra t ion  i nc r e a se s  at p = const,  the heat t r a ~ e ~  
f i r s t  fa l ls ,  reaches  a min imum,  and then begins to 
inc rease .  A s i m i l a r  p ic ture  is also observed in con-  
nect ion with boil ing w a t e r - a m m o n i a  and wa te r - l i t h ium 
bromide  solut ions.  

The fall  in the h e a t - t r a n s f e r  coefficient a with in -  
c rease  in concentra t ion  is a t t r ibutable  to the fact that 
as the la t te r  inc reases  at constant  p r e s s u r e ,  the t e m -  
pera tu re  of the solution fal ls .  Owing to the fall in 
t e m p e r a t u r e ,  the v iscos i ty  of the solution i nc r ea se s ,  
which leads to a dec rease  in ~.  

At high concent ra t ions  of the low-boi l ing component,  
the effect of the t empera tu re  factor  d imin i shes ,  the 
n u m b e r  of evaporat ion cen te rs  inc reases  and ~ is ob- 
served to inc rease  with concentra t ion.  

The exper imenta l  data on the boil ing of an F - 2 2 -  
DBP solut ion as a function of heat load and concen t r a -  
t ion a r e  approximated by curves  descr ibed  by the 
equation 

a = C q  ~  ~ (6) 

In this  equation, the coefficient  C depends on the p r e s -  
su re  and the concent ra t ion  of the solution,  and is given 
by the formula  

C = A + Bp.  (7) 
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T a b l e  1 

E x p e r i m e n t a l  Data  on Heat  T r a n s f e r  f o r  the  B o i l i n g  o f  a n  F - 2 2 - D B P  

So lu t ion  

q, Wlm2 ] At,~ ] aW/m2"deg q,W/m2 [ At,~ ] aWlm2.deg 

~IF 
2590 
4170 
6150 
9950 

9900 
13350 
14400 
18200 
19850 
21200 

3670 
4930 
7050 

11600 
18250 

[i F = 0.095; p = 2.25 bar 

14,0 
15.8 
17.9 
20.9 

/IF = 0.095; p = 2,65 bar 

19.5 
19.4 
19.8 
21 .0 
21.2 
23,6 

/i F = 0. 167; p = 2 ,65 bar 

18.2 
19.1 
22.3 
26.8 
31.7 

~F=0 .167 ;  P:= 

6320 19.3 
9270 22.3 

14500 25.4 
19200 28:0 
24600 29.0 

~F=0,167;  p =  

3640 13.6 
6500 16.6 

12400 19.4 
22500 24.3 

~F=0.240;  p =  

2530 18,8 
6100 24,6 

10050 29.4 
17600 35.2 

3,92 bar 

I 
6.10 bar 

2,65 bar 

2460 
3600 
4660 
6420 
9150 

11400 
13600 
17500 

[IF=0.240;  p =  

15,5 
17.7 
18.6 
20.9 
23.4 
25.0 
28.1 
32,7 

4.50 bar 

2750 
15600 
19800 

[IF=0.240; p =  

14.1 
27.5 
29,2 

5.40 bar 

f 

183 
264 
345 
475 

2750 
6600 

12750 
17730 
18900 
29000 

=0,240;  p = 6.30 bar 

13.4 I 209 
17.1 ] 387 
22.1 j 578 
25.5 t 696 
25.3 750 
30.9 940 

[IF=0,320;  p = 6 . 1 0  bar 

2840 14.4 I 197 
4930 17,8 278 
9500 22.5 424 

14000 25.9 i 540 
19800 30,0 660 

7.35 bar 

250 
415 
494 
621 
737 
895 
960 

507 
688 
726 
868 
935 
900 

202 
258 
315 
432 
575 

~F=0.320;  p =  

2870 11,4 
6200 15,0 
8270 16,7 

13100 19.5 
16700 22.7 

327 
415 
571 
689 
848 

267 
392 
638 
927 

133 
248 

22200 24,8 
32400 33.8 

~F=0.320; p =  

2740 9.5 
5050 11.3 

12200 16.3 
23000 22,4 
31400 25.8 

~F--  0.390; p =  

2710 I 14.5 
4230 16.9 
7550 20.6 

13350 25.0 J 

8.50 bar 

288 
448 
75O 

1020 
1215 

6,30 bar 

187 
250 
366 
535 

342 
502 

159 
203 
250 
308 
392 
453 
483 
535 

195 
570 
680 

~F=0.390;  p = 7 . 3 5  bar 

3020 12,3 
4650 14.3 
8000 ! 17.3 

13350 i 22.0 
34800 i 28.6 

~F=0.390;  p---~ 

5600 13,0 
10500 15,5 
17300 18.6 
30700 23.9 

I 245 
325 
462 
610 

1220 

8.50 bar 

430 
68O 
930 

1280 
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Values  of the coef f ic ien ts  A and B a r e  p r e s e n t e d  in 
Table  2. 

Visual  obse rva t ion  showed that  a t  low F r e o n  con-  
cen t r a t ions ,  even at hea t  loads  above 14 000 W / m  2, 
the number  of evapora t ion  cen t e r s  is  sma l l  and the 
bubbles  have d imens ions  of the s a m e  o r d e r  as  for  
pu re  F r e o n .  As the  concen t ra t ion  i n c r e a s e s  to 0.167, 
the  d imens ions  of the bubbles  a p p e a r  to d e c r e a s e  
sha rp ly ,  although the number  of evapora t ion  c e n t e r s  
r e m a i n s  a p p r o x i m a t e l y  a s  be fo re .  With f u r t h e r  in-  
c r e a s e  in concen t ra t ion  at the s a m e  heat  loads  and 
p r e s s u r e s ,  a d e c r e a s e  in the number  of evapora t ion  
c e n t e r s  is  o b s e r v e d .  

As  the  p r e s s u r e  in the  s y s t e m  i n c r e a s e s  a t cons t an t  
hea t  load,  the  h e a t - t r a n s f e r  p r o c e s s  is  in tens i f ied ,  
owing to the  r i s e  in t e m p e r a t u r e  and the i n c r e a s e  in 
the number  of evapora t ion  cen t e r s  in the solut ion.  

Thus,  v i sua l  obse rva t i ons  of a bo i l ing  F - 2 2 - D B P  
solut ion a r e  in qual i ta t ive  a g r e e m e n t  with the c~ = 
= f (q ,  p,  ~F) r e l a t i ons  obta ined .  

NOTATION 

dout is  the outs ide  d i a m e t e r  of e x p e r i m e n t a l  tube;  
/w is the working  length of e x p e r i m e n t a l  tube;  p is  the 
p r e s s u r e ;  twal l  is  the  t e m p e r a t u r e  of the  tube wa l l s ;  
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t so  1 is  the  t e m p e r a t u r e  of the solution;  q i s  the hea t  
load; ~F i s  the F r e o n  concen t ra t ion  in the  solution; 

Table  2 

Values  of the Coeff ic ients  A and B in Equation (7) 

~F 

A 

B 

0.87 

0,064 

o.15 

0.65 

0.07 

0.29 

0,57 

0,087 

0.25 0.30 

0.416 I - -0 ,07 
0.122 0.203 

i s  the hea t  t r a n s f e r  coeff ic ient ;  V is  the vo l tage ;  
I is  the  c u r r e n t .  
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