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We examine the state of a medium after injection of water into com- 
pressed air and we present a method of evaluating the flow parame- 
ters. The results are illustrated with tables and graphs. 

In i ndus t r i a l  p rac t i ce  we encounter  p r o c e s s e s  in 
which spray  nozz les  a re  used to in ject  a l iquid into 
c o m p r e s s e d  a i r  to lower the flow t e m p e r a t u r e ,  to r a i s e  
the m o i s t u r e  content ,  or  to fo rm a two-phase  medium.  
In such an event  it is ex t r eme ly  impor tan t  to d e t e r -  
mine  the mix tu re  p a r a m e t e r s  at specif ic  points  of the 
duct (the m o i s t u r e - c o n t e n t  ra t io ,  d i spe r s ion ,  concen-  
t ra t ion ,  p r e s s u r e ,  and the t e m p e r a t u r e  of each of the 
phases) .  F o r  example ,  in jec t ion  of water  may be eal ted 
for in g a s - t u r b i n e  c o m p r e s s o r s  and s i m i l a r  i n s t a l l a -  
t ions (cent r i fugal  c o m p r e s s o r s  supplying gas for in -  
dus t r i a l  purposes)  to achieve c o m p r e s s i o n  close to the 
i so the rma l ,  or  for pu rposes  of cooling air .  We are  
i n t e r e s t ed  in d e t e r m i n i n g  the r a t e s  for the cooling of 
water  in a i r  (cooling towers).  In s tudying turb ine  gr ids  
made up of blades des igned to funct ion in mo i s t  vapor 
or gas ,  inc luding a l iquid phase ,  we also f requent ly  
employ an a i r - w a t e r  m ix tu r e  containing a specif ic  p e r -  
centage of m o i s t u r e  and exhibi t ing the r equ i r ed  d i s -  
pe r s ion .  

Iri this a r t i c l e  we will  examine  the change in the te rn-  
p e r a t u r e  of water  and a i r  with the passage  of t ime  and 
we will p r e s e n t  a method for an approximate  d e t e r -  
mina t ion  of the degree  of flow sa tu ra t ion  qo, the vapor 
content  d, and the quant i ty  of evapora ted  m o i s t u r e  Gev 
on the bas i s  of expe r imen ta l  data. We a s s u m e  that the 
exchange of heat between the drops and the a i r  is ac -  
compl ished  exc lus ive iy  by heat conduction and that for 
the de t e rmina t i on  of the evapora t ion  ra te  we can e m -  
ptoy the Maxwell  equation. This  is su i table  for a r ange  
of t e m p e r a t u r e s  tg _< 100--150 ~ C and d imens ions  of 

l e s s  than 1 m m  for the in jec ted  drops whose shape is 
a s sumed  to be spher ica l .  

Let us examine  the balance of heat on a drop. 
The change in the heat content  dQ d of the drop r e -  

sul ts  f rom the expendi ture  of heat dQev on evapora t ion  
and f rom the change in the heat content  dQg of the a i r :  

dQ~ = dQg @ dQ e, (1) 

We can also wri te  

dO. d = C ~ a d t  d (2) 

Under  these condi t ions ,  as is well known, the heat -  
t r ans f e r  coefficient  c~ is given by 

ffd 

The quanti ty  dQg is then given by 

q. 

Accord ing  to the 5iaxwell  equation,  for a spher ica l  
drop [2J we have 

q = 4~ ra-) (Y~a-- ~kgL 

Thus ,  

The funct ion y(t) cap_ be p resen ted  [3], in approximate  
t e r m s ,  in the fo rm 

{ t !4 
~ = 0,58 / 1-~0- j (I? in k g / m  3, t in  ~ 

Subst i tu t ing  (2), (3), and (4) into Eq. (1), we obtain 

" ' 5  , 

T 
Fig.  1. Change in t e m p e r a t u r e  for a i r  tg, drop t d, and sa tu ra t ion  
iv. g as a funct ion of t ime  dur ing  "hot" water  in jec t ion  into flow. 
1) tg; 2) td(rdi); 3) td(rdz); 4) tv. g. 

729 



Table  1 
Rates of Cooling for Drops in an Ai r  Flow (time in sec,  r e q u i r e d  to 

reduce  the drop t e m p e r a t u r e  f rom td0 = 90~ to t d) 

rd ' g tv.g = 10 ~ C for td, ~ t v g = 40 ~ C for td, ~ 

20 15 12 50 

1 
10 

I00 

O, 00018 
0 ,018  
1,8  

O. 00043 
0 ,043  
4 . 3  

0 .00100 
0 ,100  

10,0  

0 ,000010 
0 ,0010 
0, I0  

44 4 0 . 4  

0,000022 0 .000056 
0 ,0022  0 ,0056  
0 , 2 2  0 , 5 6  

did . 3 
' = - -~ i0"58 rD 

d x cC,J, 'r 
[( 
/ ~ ] - ~  100 / j - ~ ( t ~ - ~ ) l  

(5) • 

F o r  an approx imate  evaluat ion  of the h e a t - t r a n s f e r  p r o -  
cess  involving the phases  of the flow we can a s s u m e  
that the quant i t i es  in fo rmula  (5), with the exception 
of t d, a r e  independent  of t ime.  

Let  us cons ider  the case  in which the i n j ec t edwa te r ,  
in compar i son  with the c o m p r e s s e d  a i r ,  is  of a higher 
t e m p e r a t u r e  ("hot" water).  If the t e m p e r a t u r e  of the 
in jec ted  a i r  is higher than the s a tu r a t i on  t e m p e r a t u r e  
(Fig. 1), which co r r e sponds  to the a i r  p r e s s u r e ,  the 
drop will cool in the a i r  a lmos t  in s t an taneous ly  to the 
s a tu ra t ion  t e m p e r a t u r e  [4]. Any fu r the r  cooling will  
p roceed  in accordance  with Eq. (5). 

Eva lua t ion  of the t e r m s  in Eq. (5) shows that the 
second t e r m  in this  case is negl ig ib ly  smal l .  If we 
neglect  that t e r m ,  when ~-0 = 0 the solut ion will  have 
the fo rm 

1 ( td + tv.g 
= -4bt~.g ~ln �9 

td  - -  ~v.g 

where  
1.74 rD 

b ~ - -  
loo, 

Table  1 shows the r a t e s  for the cool ing of drops  in 
a flow of a i r .  The t ime  r e q u i r e d  to lower the t e m p e r a -  
ture  of the drops  to va lues  c lose  to the s a tu ra t ion  t e m -  
p e r a t u r e s  tv. g of the vapors  in  a i r  is p r e sen t ed  for 

the cases  in which tv. g = 10 ~ C and tv. g = 40 ~ C. The 
drops  were  a s sumed  to be of va r ious  s izes .  We see 
f r o m  the table that the t e m p e r a t u r e  t d for drops  of 
sma l l  d imens ions  approaches  m o r e  rap id ly  the s a t u r a -  
t ion t e m p e r a t u r e  of the vapors .  Th i s  p roce s s  is all  the 
m o r e  in tense ,  the higher  tv. g. At low sa tu ra t ion  t em-  
p e r a t u r e s  tv. g a g r e a t e r  amount  of t ime  is  needed for 
cooling. The change in drop d imens ions  due to evapora -  
t ion to the point  at which the drop t e m p e r a t u r e  is c lose  
to the s a tu ra t ion  t e m p e r a t u r e  did not exceed 2% in this 
case.  

Af ter  the drop t e m p e r a t u r e  fell  c lose  to the s a t u r a -  
t ion t e m p e r a t u r e ,  the change in the heat content  dQd 
of the drop r e l a t i ve  to dQe V and dQg is smal l ,  s ince  
the drop t e m p e r a t u r e  is not s ign i f ican t ly  a l t e red  by the 
quant i ty  of evapora ted  mo i s tu r e .  

It then follows f rom Eq. (5) that for dtd/d'r ~ 0 the 
r e l a t ionsh ip  between t d, tg, and tv. g will  be of the fol-  
lowing fo rm at any given ins tan t  of t ime:  
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E(tg__6i) ( 1 0 0  )4 (7) 
t d ~ - - ~ V ' g ~  4 .0 ,58rD- ,  (~.g , '  

i. e . ,  at higher sa tu ra t ion  t e m p e r a t u r e s  the drop t e m -  
p e r a t u r e  is only s l ight ly  g r e a t e r  than the sa tu ra t ion  
t e m p e r a t u r e  of the vapors  in a ir .  After  the drop t em-  
p e r a t u r e s  have been leveled off to the t e m p e r a t u r e  de-  
t e r m i n e d  f rom Eq. (7), evapora t ion  of the drops  con-  
t inues  as a r e s u l t  of the heat f rom the a i r .  

Let  us d e t e r m i n e ,  in approximate  t e r m s ,  the cool-  
ing r a t e s  for  a i r  in a mix ture .  Within a t ime  d~-, le t  
the a i r  a l te r  its enthalpy by 

dQg = - -  c~dtg, 

If the flow conta ins  n(r  d) drops with rad i i  r d - r d + dr d, 
with cons ide ra t ion  of (3) we obtain 

_ 4 ~  ~n(r,~)rddQ,dx" (8) 
dt~ 

t~ - td c.  J 
o 

Having equated the boundary  condit ions T o = 0 and (tg - 

- td)~- 0 = (tg - td) 0 when t d = const  and n(r d) = const ,  
we have 

tg,--td 

= (~__td)0exp [ 4nX,C, i n (rd) rddra] . (9) 

0 

To unders tand  the ra t e  of cooling for a i r  we might  
note that the t ime  r e q u i r e d  to reduce  the d i f fe rence  
tg - td, for example ,  by a factor  of two with a m o i s -  
tu re  content  of y = 1% in the a s sumpt ion  that the flow 
conta ins  drops  of only a s ingle  r ad ius ,  for r d = 10 
amounts  to ~- = 0.2 see,  and for r d = 100 # it amounts  
to ~- = 20.0 sec.  If the quant i ty  of m o i s t u r e  in the flow 
is g r ea t e r ,  the calcula ted t ime  will d imin i sh  in p ro -  
por t ion  to y. 

The tenta t ive  cu rves  showing the change in the drop 
t e m p e r a t u r e  td, in the a i r  t e m p e r a t u r e  tg, and in the 
s a t u r a t e d - va po r  t e m p e r a t u r e  tv. g as a function of t ime 
in Fig.  1 i l l u s t r a t e  Eqs.  (6), (7), and (9) for the case 
of in jec t ion  of water  into a i r  with a t e m p e r a t u r e  of 
tv. go ~ 30o C (Fig. la) and tv. g~ 4 30 ~ C (Fig. lb).  
The drop t e m p e r a t u r e  t d is given for  two drop d imen-  

s ions  (rdl < rd2). 
Let us a lso cons ider  the case of the in ject ion of 

water  with a t e m p e r a t u r e  lower than that of the a i r  
("cold" water).  

If the t e m p e r a t u r e  of the in jec ted  water  is lower 
than the v a p o r - s a t u r a t i o n  t e m p e r a t u r e ,  in the in i t ia l  
ins tan t  af ter  in jec t ion  the drops a re  heated as a con- 



2 3 0  

Fig. 2. Change in temperature for air t d, drop tg, and 
saturation (iv. g as a function of time during "cold" wa- 

ter injection into flow: i) tg; 2) td(rdl); 3) td(rd2); 

4) tv. g. 

sequence  both of the condensa t ion  of water  vapor on 
the drops  and as a r e s u l t  of the heat f rom the air .  A 
c o m p a r i s o n  of each of the t e r m s  in Eq. (5) for the cho- 
sen example  with a v a p o r - s a t u r a t i o n  t e m p e r a t u r e  of 
tv. g~ > 30 -35  ~ C shows that the r i s e  in the drop t e m -  
p e r a t u r e  r e s u l t s  p r i m a r i l y  f rom vapor condensa t ion  
(Fig. 2a). In this case ,  the drop t e m p e r a t u r e  is found 
f rom Eq. (6). The r e s u l t s  obtained in the ca lcula t ion  
of the t ime  r e q u i r e d  to heat va r ious  drops  f rom t d = 
= 10 ~ C to the ins tan taneous  va lues  of t d when tv. g = 
= 40 ~ C are  given in Tab le  2 for this case.  We see 
f rom the tables  that the water  in jec ted  into the flow is 
r a the r  quickly r a i s ed  to the v a p o r - s a t u r a t i o n  t e m p e r a -  
tu re  in the a i r .  The fu r the r  changes in the water  t e m -  
p e r a t u r e  t d and in the a i r  t e m p e r a t u r e  tg a re  d e t e r -  
mined  f rom Eqs.  (7) and (9). 

When "cold" water  (Fig. 2b) is in t roduced into a 
flow with tv. g~ < 30-35  ~ C, vapor  condensa t ion  can 
be neglected as sma l l  in compar i son  to the exchange 
of heat with the a i r  and Eq. (5) a s s u m e s  the fo rm 

d~ _ 3,% (tg - - t d ) .  (:10) 
dT Cw(~ Y w 

If the quantity of injected water is small, when the 
drops are heated by the heat from the air, we can as- 
sume tg to be constant .  Thus ,  
for ~'0 = 0, we have 

~'g --td~= (tg-- td)o ex p ( 

having solved Eq. (i0) 

For example, to reduce the temperature difference 

t d - tg by a factor of two, for drops with dimensions 

of r d = I0 p we need a period of time equal to ~- = 0.35 �9 
�9 10 -2 sec, while for dimensions of r d = i00 # the time 

must be "r : 0.35 sec. In the following instants of time, 
a relationship is developed between the temperature 
of the water, air, and saturation, which is determined 
f rom fo rmu la s  (7) and (9), 

F r o m  the o v e r - a l l  pa t t e rn  of physica l  phenomena  
accompanying  this  p r oc e s s  we can d e t e r m i n e  the actual  
degree  of s a tu ra t ion  (p and the vapor content  d of the 
m i x t u r e  at the ins tan t  of t ime  T in addit ion to the quan-  
tity of evapora ted  mo i s tu re .  F o r  this we will  f i r s t  eva l -  
uate the p a r a m e t e r s  of complete  s a tu ra t ion  in the com-  
p r e s s e d  air .  In the i s - d i a g r a m  for mois t  a i r  [5], f rom 
the known degree  of s a tu ra t ion  (PA of the outside a i r  
and f rom the b a r o m e t r i c  p r e s s u r e  Pb we find the s a t -  
u r a t i on  p r e s s u r e  PA" F u r t h e r ,  f rom PA and the out- 
s i d e - a i r  t e m p e r a t u r e  t A we de t e r mi ne  in the i s - d i a g r a m  
the point  A which co r responds  to the p a r a m e t e r s  of 
the outside a i r  (Fig. 3). If we a s s u m e  that the vapor 
content  did not change af ter  c o m p r e s s i o n  in the com-  
p r e s s o r  and af ter  cooling of the a i r  in the cooling mech -  
a n i sm  and in the tubing, we can d e t e r m i n e  point H by 
m e a s u r i n g  the d r y - a i r  t e m p e r a t u r e  t H before mixing.  
The d r y - a i r  s a tu ra t ion  ra t io  (Pc. g p r i o r  to mixing is 
given by 

PH 
(Pc'g= Pc.g 

Without considering the heat of the injected water, we 

determined point C corresponding to the air parame- 

ters after mixing from i H and from Pc. g, with the as- 
sumption that (p = i. 

We will use successive approximations to consider 
the heat of the injected water. 

In first approximation 

5 i E = G I  - 6g ({: - i . )  

Table  2 

T i m e  Requ i red  to Heat Drops in an Ai r  Flow f rom td0 = 10 ~ C to 
the Ins t an taneous  Values  of t d When tv. g = 40 ~ C as a Func t ion  

of the Drop Radius  r d 

rd,  ]~ td  = 20 ~ C t d = 30 ~ C t d = 35 ~ C t d = 38 ~ C 

I 
I0 

I00 

0,2.10-4 
0,2.10-2 
0,20 

0 .4 .10 -4  
0~4- I0 -~ 
O, 40 

0,58.10-4 
0.58.10 -~ 
0.58 

0 ,76 .10-4  
0 ,76 .  IO -= 
0 ,76  
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Fig.  3. D e t e r m i n a t i o n  of a i r  vapor  content  
in  i s - d i a g r a m .  

The point  L is sepa ra ted  f rom point  C along the i sobar  

PL by AiI. 
In second approx imat ion  

We find point  E in s i m i l a r  fashion.  
In those cases  it is  suff ic ient  to have two approxi -  

ma t ions ,  and we can take the p a r a m e t e r s  at point  E 
as those for the complete  s a tu ra t ion  of the flow. If 
the water  is in jec ted  into u n c o m p r e s s e d  a i r ,  point  C 
wil l  coincide with point  A. 

The actual  degree  of s a tu ra t ion  q~ can be found f rom 
the t e m p e r a t u r e  t E and f rom the read ings  of t h e r m o -  
couples  in the a i r - w a t e r  mix tu re .  The thermocouple  
in the flow of moi s t  a i r  m e a s u r e s  the average  t e m p e r a -  
tu re  tav of drops  exhibi t ing va r ious  radi i ;  when tv. go > 
> 30 ~ C this average  t e m p e r a t u r e  is close to the sa tu -  
ra t ion  t e m p e r a t u r e  tv. g. 

If tv. go < 30~ C, for Trhotn in jec ted  water  the t e m -  
p e r a t u r e  tav may  be higher than tg (Fig. lb) ,  while 
for  "cold" water  it is  tav < tg (Fig. 2b). With cons id -  
e r a t i on  of the funct ion y(t) and Eq. (7) we can wr i te  

/ tv.g 14 

[ td '1'[1 [ loo ],] (12) 

Cor respond ing ly ,  the actual  vapor  content  will be 

d=~de pL_Pv.g 

We find the quant i ty  Gev f rom 

G, ev =G.g(d- -dA)"  

If tv. g~o < 30~ C, the quant i ty  of water  evaporated as 
a r e s u l t  of the heat f rom the a i r  can be neglected.  

The above -p re sen t ed  ana lys i s  of the physica l  p r o -  
c e s s e s  in the a i r - w a t e r  mix tu re  is conf i rmed by ex-  
p e r i m e n t a l  m a t e r i a l s  obtained on a tes t  stand. 

The working fluid was p r e p a r e d  for the expe r imen t s  
on the tes t  s tand by in jec t ion  of water  through c e n t r i -  
fugal sp r a y  nozzles .  The quant i ty  of in jected water  
was a l t e red  by the switching on of the r equ i r ed  number  
of sp ray  nozzles .  The average  t ime r equ i r ed  for the 
passage  of the flow f rom the ins tan t  of in jec t ion to the 
point at which the m e a s u r e m e n t s  were  to be c a r r i e d  
out amounted to 0 .1 -0 .5  sec and the modal  rad ius  of 
the drops  was 30 p. 

Tab le  3 shows the r e s u l t s  obtained in m e a s u r i n g  
the t e m p e r a t u r e  t H of the a i r  ahead of the m e t e r i n g  
disk,  the t e m p e r a t u r e  tav of the a i r - w a t e r  mix tu re ,  
the t o t a l - s a t u r a t i o n  t e m p e r a t u r e  tv. go ,  and the t e m -  
p e r a t u r e  ~ of the injected water .  Compar i son  of tav 
and tv. g~o conf i rms  the ca lcula t ion  resu l t s .  F o r  tv. go < 
< 30 ~ C the drops  of water  cannot cool off and tav > 
>tv.g~o for tv. gr >30 ~ C, although we have tav ~z tv. g~o, 
but the t e m p e r a t u r e  di f ference is not g r ea t e r ,  s ince  
the a i r - w a t e r  m i x t u r e  succeeds  in approaching the s a t -  
u ra t ion  t e m p e r a t u r e .  Some devia t ions  in the table f rom 
the indicated quant i ta t ive  r e l a t ionsh ips  a re  explained 
by the d i f fe rent  vapor contents  in the a i r  p r i o r  to m i x -  
ing and by the va r ious  stay t imes  of the drops  in the 
flow p r i o r  to en t ry  into the m e a s u r i n g  c ross  section.  

NOTATION 

q~ and d a re  the degree  of sa tu ra t ion  and the vapor 
content  at a p a r t i c u l a r  ins tan t  of t ime; Pc. g and qe.  g 
a re  the p r e s s u r e  and degree  of sa tu ra t ion  for the com-  
p r e s s e d  a i r  p r i o r  to mixing;  G d, r d, F d, and t d a re  
the m a s s ,  the r ad ius ,  the su r face ,  and the t e m p e r a -  
ture  of the drop; td0 is the t e m p e r a t u r e  of the drop at 
the in i t ia l  instant" of t ime;  Gev is the quant i ty  of evap-  
ora ted  mo i s tu re ;  q is  the evapora t ion  ra te ;  e w and 
Yw a re  the heat capaci ty and specif ic  weight of the wa-  
ter;  k is the the rmal  conduct ivi ty  of the air ;  y is the 
specif ic  weight of the s a tu ra t ion  line; Yv. d is the con-  
cen t r a t ion  or specif ic  weight of the vapor in equi l ib-  
r i u m  with the drop (near  the drop),  and it co r r e sponds  

Tab le  3 

Values  (in ~ for the Ai r  T e m p e r a t u r e  t H, the In jec ted  Water  ~ ,  
the Mixture  tav, and the Sa tura t ion  T e m p e r a t u r e  tv. g in the Ex-  

p e r i m e n t s  

tt4 26 

t r 82.5 

26 

16 

26 28 

81 80 

28 27 

23 I 24 

23 24 

84 91 

28 38,5 

25 27,5 

21 

90 

31 

28 

31 34 31 

86 87 86 

32 31 31 

31 33 33 

tar 

29 13, I41 
70/ 3100 

43 

88 

40 

43 

732 



to the temperature td; ~/v. g is the concentration or 
specific weight of the vapors in the air; tv. g is the sat- 
uration temperature corresponding to ~/v. g; iv. g~ is 
the saturation temperature when the temperatures 
have been completely leveled off; ~- is the time; ~-0 is 
the initial instant of time; D is the diffusion coefficient; 
r is the latent heat of evaporation; tg, P, Cp, and Gg 
are, respectively, the temperature, the pressure, 
the heat capacity, and the air flow rate; n(r d) is the 
distribution function for the number of drops along the 
radius; Ai is the enthalpy difference; if and Gf are 
the heat content and the quantity of injected water; iwL 
and iwC are the heat content of the water with tempera-  
ture t L and tc; tav is the average temperature for 
drops of various radii. 
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