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We examine the state of a mediumn 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 industrial practice we encounter processes in
which spray nozzles are used to inject a 1liquid into
compressed air to lower the flow temperature, toraise
the moisture content, or to form a two-phase medium,
In such an event it is extremely important to deter-
mine the mixture parameters at specific points of the
duct (the moisture-content ratio, dispersion, concen-
tration, pressure, and the temperature of each of the
phases). For example, injection of water may be called
for in gas-turbine compressors and similar installa-
tions {centrifugal compressors supplying gas for in-
dustrial purposes) to achieve compression close to the
isothermal, or for purposes of cooling air. We are
interested in determining the rates for the cooling of
water in air (cooling towers). In studying turbine grids
made up of blades designed to function in moist vapor
or gas, including a liquid phase, we also frequently
employ an air-water mixture containing a specific per-
centage of moisture and exhibiting the required dis-
persion.

In this article we will examine the change inthe tem-
perature of water and air with the passage of time and
we will present a method for an approximate deter-
mination of the degree of flow saturation ¢, the vapor
content d, and the quantity of evaporated moisture Gg,,
on the basis of experimental data. We assume that the
exchange of heat between the drops and the air is ac-
complished exclusively by heat conduction and that for
the determination of the evaporation rate we can em-
ploy the Maxwell equation. This is suitable for arange
of temperatures ty = 100—150° C and dimensions of

less than 1 mm for the injccted drops whose shape is
assumed to be spherical,

Let us examine the balance of heat on a drop.

The change in the heat content dQq of the drop re~
sults from the expenditure of heat dQg, on evaporation
and from the change in the heat content ng of the air:

dQ, = dQ, -+ dq,,

We can also write

L

de = CWGddtd <2)
Under these conditions, as is well known, the heat~
transfer coefficient o is given by
A
q = —,
ry

The quantity ng is then given by

?\‘ . / &
dQg= " Fy (lg—1,)dv. (3)
&

According to the Maxwell equation, for a spherical
drop {2] we have

g=4nr,0{y, 4= Vg
Thus,

dQq, =4nr,D (Yog— V) d . (4)

The function y(t) can be presented [3], in approximate
terms, in the form

4
v = 0,58 <7(§T} (v in kg/m? t in °C).

b

Substituting (2}, (3), and (4) into Eq. (1}, we obtain

’ T
Fig. 1. Change in temperature for air t,, drop tq, and saturation
o
ty, gasa function of time during "hot® water injection into flow.
1) tg; 2) td(rch); 3) tglrgy); 4) ty, o
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Table 1
Rates of Cooling for Drops in an Air Flow (time in sec, required to
reduce the drop temperature from tgy = 90°C to tq)

—_ ty,g=10° Cfortg,°C ‘ ty.g =40° Cfortg,°C
i } -
20 ! 15 12 & 50 44 I 40.4
| |
i 0,00018 I 0, 00043 0.00100 [ 0,000010 0.000022 0.000056
10 0.018 ! 0.043 0.100 0,0010 0,0022 0,0056
100 1.8 l 4.3 10,0 0.10 0.22 0.56
diq 3 100 4
4 -3 lossep by —t, ~ ) (100} (")
dv Glaw | Y8 4.058rD | ¢,
s (5)

fa \* 4

% [(W) _( 100 ) ] -wg‘—@)}.
For an approximate evaluation of the heat-transfer pro-
cess involving the phases of the flow we can assume
that the quantities in formula (5), with the exception

of tq, are independent of time.

Let us consider the case in which the injected water,
in comparison with the compressed air, is of a higher
temperature ("hot" water). If the temperature of the
injected air is higher than the saturation temperature
(Fig. 1), which corresponds to the air pressure, the
drop will cool in the air almost instantaneously to the
saturation temperature [4]. Any further cooling will
proceed in accordance with Eq. (5).

Evaluation of the terms in Eq. (5) shows that the
second term in this case is negligibly small. If we
neglect that term, when 73 = 0 the solution will have

the form
¢
13 (1 td+tvg i 2arctg __t_\ (d‘, (6)
4bt, , tg—1tig tlz'g I itd,
where
1.74 D
=
Cfa Y 100¢

Table 1 shows the rates for the cooling of drops in
a flow of air. The time required to lower the tempera-
ture of the drops to values close to the saturation tem-
peratures t, . of the vapors in air is presented for
the cases in which ty g =10° C and ty o =40° C. The
drops were assumed to be of various sizes. We see
from the table that the temperature tyq for drops of
small dimensions approaches more rapidly the satura-
tion temperature of the vapors. This process is all the
more intense, the higher ty, g At low saturation tem-
peratures ty_ o a greater amount of time is needed for
cooling. The change in drop dimensions due to evapora-
tion to the point at which the drop temperature is close
to the saturation temperature did not exceed 2% in this
case,

After the drop temperature fell close to the satura-
tion temperature, the change in the heat content de
of the drop relative to dQgy and ng is small, since
the drop temperature is not significantly altered by the
quantity of evaporated moisture.

It then follows from Eq. (5) that for dty/dr = 0 the
relationship between tg, tgs and ty, » will be of the fol-
lowing form at any given instant of time:
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i.e., at higher saturation temperatures the drop tem-
perature is only slightly greater than the saturation
temperature of the vapors in air. After the drop tem-
peratures have been leveled off to the temperature de-
termined from Eq. (7), evaporation of the drops con-
tinues as a result of the heat from the air.

Let us determine, in approximate terms, the cool-
ing rates for air in a mixture. Within a time dr, let
the air alter its enthalpy by

ng = detgr

If the flow contains n(rqg) drops withradiirg — rgq + drg,
with consideration of (3) we obtain

dig 4nh

{g—-(:j—w c

\Y n(ry) radrad v

0

(8)

P

Having equated the boundary conditions 7p = 0 and (¢t
= tdr, = (tg = tg)y when tg = const and nlrg) = const,

we have
Tj‘ niry) rddrd].

To understand the rate of cooling for air we might
note that the time required fo reduce the difference
tg —~ tg, for example, by a factor of two with a mois-
ture content of y = 1% in the assumption that the flow
contains drops of only a single radius, for rq = 10 p
amounts to 7 = 0.2 sec, and for rq = 100 u it amounts
to 7 = 20.0 sec. If the quantity of moisture in the flow
is greater, the calculated time will diminish in pro-
portion to y.

The tentative curves showing the change in the drop
temperature tq, in the air temperature tg, and in the
saturated~vapor temperature t, o as a function of time
in Fig. 1 illustrate Egs. (6), (7), and (9) for the case
of injection of water into air with a temperature of
ty, geo > 30° C (Fig. 1a) and ty, gw € 30° C (Fig. 1b).
The drop temperature tq is given for two drop dimen-
sions (rg, < rqy-

Let us also cons1der the case of the injection of
water with a temperature lower than that of the air
("cold" water).

If the temperature of the injected water is lower
than the vapor-saturation temperature, in the initial
instant after injection the drops are heated as a con-

(9
= (fg—tqdoexp [—‘ )



Fig. 2. Change in temperature for air tg, drop g, and

saturation (t,
ter injection into flow: 1) tg;

as a function of time during "cold® wa-
2) tqlrgy)s 3) tglrdq)s

4) tV. g°

sequence both of the condensation of water vapor on
the drops and as a result of the heat from the air. A
comparison of each of the terms in Eq. (5) for the cho-
sen example with a vapor-gaturation temperature of
ty. g > 30—35° C shows that the rise in the drop tem-
perature results primarily from vapor condensation
(Fig. 2a). In this case, the drop temperature is found
from Eq. (6). The results obtained in the calculation
of the time required to heat various drops from tg =
= 10° C to the instantaneous values of tq when ty, g=
= 40° C are given in Table 2 for this case. We see
from the tables that the water injected into the flow is
rather quickly raised to the vapor-saturation tempera-
ture in the air. The further changes in the water tem-
perature ty and in the air temperature tg are deter-
mined from Eqgs., (7) and (9).

When "cold” water (Fig. 2b) is introduced into a
flow with t,, geo < 30--35° C, vapor condensation ean
be neglected as small in comparison to the exchange
of heat with the air and Eq. (5) assumes the form

d 32A.__ (tgwtd').
dt Gl Y

(10)

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, having solved Eq. (10)
for 79 = 0, we have

(g——t,d;s(tgmtd)oexp(——g—}zf— (11)
T v QA
For example, to reduce the temperature difference
tqg — tg by a factor of two, for drops with dimensions
of rg = 10 u we need a period of time equal to 7= 0.35-
+107* sec, while for dimensions of rg = 100 y the time

must be 7 = 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
from formulas (7) and (9).

From the over-all pattern of physical phenomena
accompanying this process we can determine the actual
degree of saturation ¢ and the vapor content d of the
mixture at the instant of time 7 in addition to the quan-
tity of evaporated moisture. For this we will first eval-
uate the parameters of complete saturation in the com-
pressed air. In the is-diagram for moist air [5], from
the known degree of saturation ¢4 of the outside air
and from the barometric pressure Py we find the sat-
uration pressure P,. Further, from P, and the out-
side-air temperature ty we determine in the is-diagram
the point A which corresponds to the parameters of
the outside air (Fig. 3). If we assume that the vapor
content did not change after compression in the com~
pressor and after cooling of the air in the cooling mech-
anism and in the tubing, we can determine point H by
measuring the dry-air temperature ty before mixing.
The dry-air saturation ratio ¢, o prior to mixing is
given by

F
(pc.gz P

H

c.g

Without considering the heat of the injected water, we
determined point C corresponding to the air parame-
ters after mixing from iy and from P, g with the as~
sumption that ¢ = 1,

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

In first approximation

Gr

g

Aip = (i i)

Table 2
Time Required to Heat Drops in an Air Flow from tg, = 10° C to
the Instantaneous Values of ty When ty g = 40° C as a Function
of the Drop Radius rq

rd, & l tg=20°C tg=30° C tg=35°C tg=38°"C

1 0.2-10™4 ©0,4-10™¢ 0.58-1074 0.76-10™

10 0.2-10"2 0.4-1072 0.58.1072 0.76- 1072
100 0.20 0,40 0,58 0.76
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Fig. 3. Determination of air vapor content
in is-diagram.

The point L is separated from point C along the isobar

In second approximation

Aiy = G,
g
We find point E in similar fashion.

In those cases it is sufficient to have two approxi-
mations, and we can take the parameters at point E
as those for the complete saturation of the flow, If
the water is injected into uncompressed air, point C
will coincide with point A,

The actual degree of saturation ¢ can be found from
the temperature tg and from the readings of thermo-
couples in the air-water mixture. The thermocouple
in the flow of moist air measures the average tempera-
ture t,y of drops exhibiting various radii; whenty, g >
> 30° C this average temperature is close to the satu-
ration temperature ty, g.

If t, goo <30° C, for "hot” injected water the tem-
perature t,, may be higher than tg (Fig. 1b), while
for "cold" water it is tyy < tg (Fig. 2b). With consid-
eration of the function y(t) and Eq. (7) we can write

AR
()
(-8 (2]

T 058Dt | 1,
Correspondingly, the actual vapor content will be

(le L/

(12)

PL—'PE

d:(pdE wPL——R,.g .

We find the quantity Ggy from
Gev =Ggld —dy)-

If t, ge < 30° C, the quantity of water evaporated as
a result of the heat from the air can be neglected.

The above-presented analysis of the physical pro-
cesses in the air-water mixture is confirmed by ex-
perimental materials obtained on a test stand.

The working fluid was prepared for the experiments
on the test stand by injection of water through centri-
fugal spray nozzles. The quantity of injected water
was altered by the switching on of the required number
of spray nozzles. The average time required for the
passage of the flow from the instant of injection to the
point at which the measurements were to be carried
out amounted to 0.1—0.5 sec and the modal radius of
the drops was 30 .

Table 3 shows the results obtained in measuring
the temperature ty of the air ahead of the metering
disk, the temperature t, of the air-water mixture,
the total-saturation temperature t;_ g, and the tem-
perature tr of the injected water. Comparison of t,y
and ty g confirms the calculation results. Forty geo <
< 30° C the drops of water cannot cool off and t, >
>ty, goo for ty, geo > 30° C, although we have tyy = &y, geos
but the temperature difference is not greater, since
the air~water mixture succeeds in approaching the sat-
uration temperature. Some deviations inthe table from
the indicated quantitative relationships are explained
by the different vapor contents in the air prior to mix-
ing and by the various stay times of the drops in the
flow prior to entry into the measuring cross section.

NOTATION

@ and d are the degree of saturation and the vapor
content at a particular instant of time; P¢ g and ¢¢ g
are the pressure and degree of saturation for the com-
pressed air prior to mixing; Gg, rgq, Fy, and tg are
the mass, the radius, the surface, and the tempera-
ture of the drop; tg, is the temperature of the drop at
the initial instant of time; Ggy is the quantity of evap-
orated moisture; g is the evaporation rate; cy, and
Yw are the heat capacity and specific weight of the wa-
ter; A is the thermal conductivity of the air; vy is the
specific weight of the saturation line; v g is the con-
centration or specific weight of the vapor in equilib-
rium with the drop (near the drop), and it corresponds

Table 3

Values (in °C) for the Air Temperature ty, the Injected Water t,
the Mixture t,, and the Saturation Temperature ty, g in the Ex-

periments
ty 26 | 26 28 I 23 24 21 31 34 31 29 | 314143
t', | 82,5 81 80 ‘ 84 91 90 86 87 86 76 | 8396 | 88
toy | 26 | 28 | 27 l 28 | 385 31 32 | 31 31 ‘ 36 \36 38 | 40
tv.'gwl 16 i 23 f 24 ] 25 |27.5| 28 ! 31 l 33 l 33 ‘ 34[35 41143
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to the temperature tg; v, . is the concentration or
specific weight of the vapors in the air; ty g is the sat-
uration temperature corresponding to vy, g ty. gw is
the saturation temperature when the temperatures

have been completely leveled off; 7 is the time; 73 is
the initial instant of time; D isthe 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(rg) is the
distribution function for the number of drops along the
radius; Ai is the enthalpy difference; 1f and G are

the heat content and the quantity of injected water; iy,
and iy are the heat content of the water with tempera-
ture ty, and to; tyy is the average temperature for

" drops of various radii,
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