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It has been exper imenta l ly  ver i f ied  that the heat  t r an s f e r  during cooling of unsa tura ted  
gases  can be calculated by the equation for  sa tura ted  mix tu res  with a co r rec t ion  fac tor  Z 
cha rac t e r i z ing  the depar tu re  of a mix ture  f rom the sa tu ra ted  s ta te .  

During the cooling of sa tu ra ted  mixtures ,  the quanti t ies of heat t r a n s f e r r e d  f rom the gas and f r o m  
the vapor  a r e  in a definite ra t io  which depends only on the mix ture  t empera tu re ,  and it is thus poss ib le  to 

Fig. 1. Schemat ic  d i ag ram of the tes t  appara tus :  1) fu r -  
nace;  2) wa te r  ca r ry ing  jacket ;  3) humidif icat ion zone; 4) 
condensat ion zone;  5) burner ;  6) gas  exhaust  pipe; 7) cooler  
coil;  8) vacuum pump; 9) bure t te ;  10) r o t a m e t e r ;  11) p sy -  
c h r o m o t e r s ;  12) gas ana lyzer ;  13) po ten t iometer ;  14) wa te r  
tank; 15) pump; 16) d iaphragms ;  17) t h e r m o m e t e r s .  
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Fig. 2. Plotting the gas and the water pa ramete r s  in 
the p rocess  of testing, at points 1-5 of a se r i es :  points 
1, 1' (I), points 5, 5' (II); I (kcal/m3), x (kg/m3), d(kg 
/kg),  F (m2). 

calculate the p rocess  with only one - any one - driving action: heat t ransfer  or  mass  t ransfer  [1]. When 
a mixture departs  f rom the saturated state, this ratio changes  and this requires  an appropriate correc t ion.  
In order  to be still able to calculate an unsaturated mixture with only one driving action, it has been sug- 
gested in [1] that the unsaturated mixture be reduced to an equivalent (with respect  to enthalpy) saturated 
state by introducing into the calculation formula  a cor rec t ion  factor  

n 

Z =  x --XG 
X,, X," L , 

which would account for the depar ture  of the humidity in a mixture f rom the saturat ion humidity. 

With this cor rec t ion  factor,  the equation of heat t ransfer  becomes 

Nu*=Nu  I + ~ X ~  
�9 ; ( 1 )  

1+ ~x~z  , 

When Z = 0, corresponding to the saturated state, Eq. (1) becomes Nu* = Nu(1 + ~X~i ;asZ  depa r t s  
f rom zero,  the denominator increases  and, when Z = 1 (absence of condensation), Eq. (1) becomes the 
equation of pure heat t ransfer ,  i.e., Nu* = Nu. 

The feasibili ty of calculating the heat t ransfer  p rocess  for saturated mixtures  by this method, has 
been demonstra ted in [2]. In this ar t icle  we will attempt, on the basis of experimental  data, to apply 
this method to an unsaturated mixture .  

The test  apparatus (Fig. 1) consisted of a gas furnace 1 inside a water ca r ry ing  jacket 2 and a 
contact- type heat exchanger split into a lower par t  (humidification zone 3) and an upper par t  (condensa- 
tion zone 4). The burner  5 burns natural gas whose combustion products are  cooled in the furnace 
down to t = 700-1000~ 

In this apparatus we could va ry  the tempera ture  of the gases at the furnace outlet by adding air  
through spec i a l  vents in the furnace and its exhaust duet. 

The hot gases  were passed into zone 3, where they were humidified to the necessa ry  level. For  
humidification we used hot water at the wet bulb temperature ,  which was fed through a spr inkler  set 
above zone 3. In ear l ie r  experiments  [2] the gases at the exit f rom zone 3 became humidified almost  to 
a state of saturation, when the water  flow rate was sufficient for  a complete wetting of the furnace hood 
(L > 15 �9 103 k g / m  3 .h). For  this reason, in order  to produce an unsaturated mixture in those tests,  the 
sprinkling intensity was regulated within 12,000 to 2,000 k g / m  2 .h, which resulted in an incomplete wetting 
of the furnace hood and a lower humidity of the gases .  

The gases,  after  having been humidified in zone 3, were passed into the condensation zone 4, while 
cooling water  was fed into the upper part  of this zone. The active volume of zones 3 and 4 was filled 
with a pile of e e r a m i e R a s c h i g r i n g s  25 • 25 • 3 mm in size.  The quantity of cold water was maintained 
constant so as to ensure a dew density L = 5"103 k g / m Z ' h  on the furnace hood. 

The hot water  f rom zone 4 was drained off. The temperature  and the composit ion of gases  at the 
exit f rom the furnace was checked in these tests  with a p l a t i n u m - r h o d i u m / p l a t i n u m  thermocouple and a 
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Fig. 3. Group A = 
p a r a m e t e r  Z: X M 
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Fig. 4. Generalized curves  of A 
"~T, $/'Dc, O.52~D,,O.33 = " ~  /~'~G x~0.55 as a function of 

the groupB = (1 +~X~55)/(1 + ~X~55Z): 

1) X M = 0.25; 2) 0.14; 3) 0.065; 4) Re G 
= 5OO; 5) 35O; 6) 2O0. 
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I02/(1 + ~X~55Z) as a function of the 
= 0.25 (1), 0.14 (2), and 0.065 (3). 

gas analyzer .  The humidity of the gases  at the exit f rom the 
humidification zone was determined by two methods: psychro-  
met r ica l ly  with m e r c u r y  the rmomete r s  11 and by direct ly  
measur ing  the weight content of the gases .  For  this purpose, 
a gas sample was sucked out along pipe 6 and the cooler  coil 
7 by means of the vacuum pump 8. The condensate precipi ta t -  
ing in the coil was collected in the burette 9, while the dry 
gas entered the ro tameter  10. 

In order  to establish how the rate of heat t ransfer  is 
affected by the depar ture  of a mixture f rom saturation, we 
per formed four se r ies  of tests,  each yielding a number of 
points on the same adiabatic saturat ion line (~- = const) on the 
I - d  d iagram (Fig. 2a). Each ser ies  of tests  was per formed 
at a different initial t empera ture  of the gases  and cor respond-  
ingly different mean humidity levels X M. Within each test  
se r ies  the value of X M was maintained constant.  What made 
the tests  difficult was that, with all other conditions the same, 
both the pa rame te r  Z and the value of X M varied f rom point 
to point in the se r i es .  For  this reason, we art i f icial ly ad- 
justed the tempera ture  of the cooling water  so that X M should 
remain  constant during a change of Z. This was achieved by 
raising the water temperature  during a decrease  in the initial 
humidity of the mixture (Fig. 2b). 

The pa rame te r s  were var ied in these tests  within the following ranges:  tempera ture  of the gases  
f rom 105 to 650~ tempera ture  of the cooling water f rom 5 to 41~ humidity of the gases f rom 0.05 to 
0.68 k g / m  3, velocity of the gases  f rom 0.2 to 1.1 m / s e c ,  mean humidity of the boundary layer  f rom 
0.06 to 0.25 k g / m  3, Reynolds number f rom 160 to 550, and pa rame te r  Z f rom 0.05 to 0.53. 

In Fig. 3 is shown the pa rame te r  

1 g - -  
1 +  x 55z 

as a function of Z, charac te r iz ing  the change in the heat t r ans fe r  as the humidity of the gases departs  
f rom the saturat ion level, at constant Re G and P r  numbers  for three different values of X M- 

From the express ion 

1 N--  
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follows 

p = In (1-- N) - -  In ( N ~ X ~ )  - -  l(a Z.  

Assuming,  according to [2], that m = 0.55 and evaluating the data in Fig. 3, we obtain 0 ~ 1, f r o m  
which it follows that the cooling of an unsatura ted  v a p o r - g a s  mixture  may be t rea ted  as the cooling 
of an equivalent (with r e spec t  to enthalpy) sa tura ted  mix tu re  by inser t ing into the calculat ion fo rmula  
the co r r ec t i on  fac tor  

l/l-I- ~Xe~55 ZI 

Although the manner  in which the Re G number  affects  the heat t r a n s f e r  in the case  where humid 
gases  a r e  cooled had a l ready been revea led  in [2], s e r i e s  of tes ts  were  p e r f o r m e d  in our study for  fu r -  
ther  ver i fy ing  this effect .  It has  been es tabl i shed he re  that, with all other  conditions the same ,  Nu 

0 55 = CRe~ . Considering the sl ight deviat ion of the exponent of Re G f r o m  its value in [2], a s im i l a r  value 
was a s sumed  in the overa l l  evaluation of the tes t  data.  

The genera l ized  curves  in Fig. 4 r e p r e s e n t  Nu* as a function o f theg roup  (1 + X~)55)/(1.,. + X~55Z) and 
they co r respond  to different  values  of X m.  They s a t i s fy  the equation 

Nu* = 0.102Re~2Pr ~ 1+ ~X~ 5s 
1 ' ~X~ " (2) - ~  M 
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XM(x" - x ~ )  / I n  ( x " / x~ )  

z =(x" -x  G)/(x" -x~) 

k 

u is  the v i scos i ty  coefficient,  m2 /h ;  
Nu = e d e / k  is the Nussel t  number  for  heat  t r ans f e r ;  
Nu* = e~*de/k is the modified Nussel t  number ;  
Re G = wde/v  is the Reynolds number ;  
P r  = v / ~  is the Prandt l  number .  

NOTATION 

is the t he r ma l  diffusivity, m / h ;  
is the equivalent d i ame te r  of the furnace hood, m;  
is the flow rate  of sprinkl ing water ,  103 k g / h ;  
is the sprinkl ing intensity, l0 s k g / m  2 .h;  
a re  the t e m p e r a t u r e  of the gases  at the ent rance  to and at the exit f r o m  
the humidif icat ion zone, and wet bulb t empera tu re ,  ~ 
is the veloci ty of the gases ,  m / s e c ;  
is  the humidity of an equivalent sa tura ted  mixture ,  kg /m3;  
is the humidity of the gases ,  kg /mS;  
is the sa tura t ion  humidity at the t e m p e r a t u r e  of the cooling water ,  kg 
/mS; 
is the logar i thmic  mean  between the humidity of the equivalent sa tu-  
ra ted  mix tu re  and the sa tura t ion  humidity at the water  t empera tu re ,  kg 
/mS; 
is the p a r a m e t e r  cha rac te r i z ing  the depar tu re  f rom saturat ion;  
is the h e a t - t r a n s f e r  coefficient,  k c a l / m  2 .~ .h;  
is the modified h e a t - t r a n s f e r  coefficient,  including the heat  t r an s f e r  due 
to condensation, k c a l / m  2 .~ "h; 
is the coefficient  depending on the t e m p e r a t u r e  of the sa tura ted  mix ture  
(at t = 30~ ~ = 93; at t = 80~ ~ = 150); 
is the t he rma l  conductivity, k c a l / m .  ~ .h;  

1o 
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