Jun. 2016

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 33 No. 3

Experiment on Spray Cooling Performance with Different
Additives of Different Mass Fraction

Wang Yu, Zhou Nianyong , Qian Xiaohui, Jiang Yanlong ~

College of Aerospace Engineering., Nanjing University of Aeronautics and Astronautics,

Nanjing 210016, P. R. China

(Received 25 July 2015; revised 15 November 2015; accepted 19 November 2015)

Abstract: As an efficient cooling method for high heat flux field, spray cooling has a great application potential on

aircraft directed energy weapon cooling. Based on previous research results, an experimental system of open-loop

spray cooling was established, and the potassium chloride aqueous solutions and ethylene glycol aqueous solutions

with different mass fractions were applied to investigate the influence of different additives on spray cooling system

performance. Besides, theoretical analysis was conducted according to the droplet breakage principle and the char-

acteristic parameters of fluid mechanics. The results indicate that heat transfer can be enhanced by adding potassi-

um chloride up to a certain concentration and then decrease with higher concentration. Heat transfer is deteriorated

with the increase of ethylene glycol concentration. Both of the two additives can reduce the freezing point of the

system, and ethylene glycol is preferred to improve the application range of the system in consideration of the cor-

rosion of salt solution.
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0 Introduction

Directed energy weapon which is regarded as
the standard configuration for fighters of next
generation has attracted more and more attention.
Power in the magnitude of megawatt can be pro-
duced within several seconds after the launch of
the directed energy weapon, which leads to high
heat load and high heat flux of hundreds and thou-
sands of watts per square centimeter on weapon
surface. Under high operating capacity, large
amount of exhaust heat will impair the perform-
ance and reliability of the weapon. Therefore, to
dissipate the heat is of great importance.

In the spray cooling process, cooling medium
is atomized into countless droplets and then be
sprayed to the heating surface to remove the ex-
haust heat. It has the advantages of small temper-
ature difference, no boiling hysteresis, good heat
transfer performance, uniform surface tempera-
ture and low requirement of cooling medium™ ™,

Meanwhile, it has been widely applied in many
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fields, such as electronic equipment cooling, med-

(7121 " ete.  Therefore

ical treatment and steeling
spray cooling owns an application potential in the
field of aircraft directed energy weapon cooling.
As a commonly investigated hot topic, water
spray cooling has a wide application range. The
influence of additives on spray cooling perform-
ance has been studied by many researchers.
Cuit'™ investigated the influence of soluble salt
and gas on spray cooling performance, and found
that adding soluble salts (NaCl, Na,SO,, Mg-
SO, ) to water would enhance the heat transfer
performance of spray cooling in non-boiling condi-

tion and nucleate boiling condition. Kim"* sum-

[ and considered that

marized the results of Cui
dissolved gas and solids could enhance the heat
transfer performance of spray cooling system.
Under the mass fraction of 1%, NaHCO; in cool-
ing medium could be resolved to Na,CO; and
CO, , which can both promote the expansion and
Lint*

boiling of droplets. combined different
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mass fractions of methyl alcohol with water to
carry out an experiment and proposed that the
heat flux of mixed working medium was between
the value of water and that of pure methyl alco-
hol. Liu et al. "'* studied the spray cooling with
water and water with additives using Doppler ve-
locity sonar, the studied results presented that ad-
ditives could not only cause smaller droplets but
also make spray cooling system boiling under a
lower surface temperature, which could enlarge
the application range and ensure system safety of
spray cooling. Qiao et al. """ used sodium dodecyl
sulfate solution with the mass fraction of 0. 01%
as a cooling medium and found that surface tem-
perature was reduced by using the additive. Jia et

L8] carried out experiment on the same solution

al.
as Qiao et al. ™™, and found that a lower super-
heat rate and a safety critical temperature could be
achieved.

For aircraft spray cooling system, both of the
optimization of spray cooling performance and the
adaptability of the system should be considered.
In standby condition in winter or severe flight
condition, system may not operate normally using
water as cooling medium due to the cabin temper-
ature below 0 ‘C. The use of auxiliary heating
system will consume extra energy and take a long
time to warm up the system, which makes the
spray cooling system non-available in an emergen-
cy situation. In contrast, adding different types of
additives can reduce the freezing point and the
characteristics of the cooling medium in order to
extend the system application range and improve
system reliability. To investigate the influence of
different additives, an open-loop spray cooling
system was established. Salt additives and alcohol
additives are the commonly used additives in wa-
ter. A typical salt additive and alcohol additive
were selected to make up different ratio of solu-
tion as the cooling medium, and then different

spray cooling characteristics were studied.

1 Experiment in Open-Loop Spray
Cooling System
1.1 Experimental setup

Schematic diagram of the open-loop spray

cooling system is shown in Fig. 1.
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9-Handbreak valve; 10-Turbine flowmeter; 11-Nozzle;
12-Height adjustment nut; 13—Sheathed K type thermocouples;
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Fig. 1 Schematic diagram of water spray cooling system

In the loop, water is pressurized by the nitro-
gen firstly. Then it flows to the outlet valve,
which controls the close and open of the spray.
After the outlet valve, it flows into the flow con-
trol valve, the handbrake valve and the turbine
flowmeter in sequence. The turbine flowmeter is
After the

flowmeter the cooling medium sprays onto the

used to obtain the volume flow rate.

heating surface. A drain valve is set for elimina-
ting the water from the spray chamber timely.

The structure of spray chamber is shown in
Fig. 2. It can be seen that the heating assembly
consists of six cartridge heaters, a copper block
and an insulating layer.

Nozzle with the type name of 1/8GG-SS1
manufactured by SPRAY Co. was selected. This

type of nozzle is an atomization nozzle. The nozzle

1-Height adjustment nut; 2-Flange; 3-Nozzle; 4-Observation window
5-Teflon; 6-Copper heating block; 7-Insulation; 8-Bakelite.

Fig. 2 Interior of spray chamber
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and its injection are shown in Fig. 3. Nozzle pa-
rameters are listed in Table 1. Besides, inlet tem-
perature of the nozzle is 20 °C.

Physical map of the system is shown in Fig. 4.
1.2 Different solution parameters

Based on previous research results on the ex-
perimental setup, the distance between nozzle and
heating surface was 18 mm. During the experiment,

the heating power was 1 400 W causing the heat

(a) 1/8GG-SS1 type nozzle

(b) Injection of nozzle

Fig. 3 Nozzle and its injection

Table 1 Parameters of the nozzle
Flow rate/(L » min ') under
. Flow .
Type Size/mm lass/ (1 ) Diameter/mm pressure (MPa)
class/iLe mim 0.04 0.07 0.3 0.6 1
1/8GG-SS1 3.175 1 0.79 0.29 0.38 0.74 1.0 1.3

Fig.4 Physical

map of water spray cooling system

transfer in non-boiling area, and parameters such

as heat flux , surface temperature difference and

heat transfer coefficient of different solutions are
analyzed with the variation of spray inlet pres-
sure.

The mass fractions of potassium chloride so-
lution were set to 0. 5%, 1%, 2%, 5% and
10%, respectively at the temperature of 20 °C.
Relevant parameters of these solutions are shown
in Table 2/,

The mass fractions of ethylene glycol solu-
tion were set to 1%, 3%, 5%, 10% and 20%,
respectively at the temperature of 20 °C. Relevant

parameters are shown in Table 307,

Table 2 Parameters of potassium chloride solution

Mass fraction/ Density/ Specific heat/ Viscosity/  Thermal conductivity/ Surface tension/
% (kg e m *) (kJ + (kg + KD 1) (mPa + s) (We(m+K)") (mNe+m )
Water 1 000 4.19 0. 89 0.610 72.10
0.5 1 001.3 4.12 0.97 0.515 72.90
1 1004.6 4.10 0.98 0.513 73.02
2 1011.2 4. 08 0.99 0.512 73.16
5 1031.0 3.99 1.05 0. 507 73.74
10 1064.0 3. 86 1.13 0.499 74.36
Table 3 Parameters of ethylene glycol solution
Mass fraction/ Density/ Specific heat/ Viscosity/ Thermal conductivity/ Surface tension/
% (kg * m™*) (k] « (kg « KD°H) (mPa « s) (We(m-+K)™H (mNe+m™ ")
Water 1 000 4.19 0. 89 0.61 72.10
1 1 008. 6 4,17 0.93 0.61 71.82
3 1011.2 1. 14 0.96 0.61 71.27
5 1013.7 4.11 0.99 0.61 70.7
10 1 020.0 4.03 1.08 0. 60 69. 35
20 1032.6 3.87 1. 31 0.58 66. 68
Pure cthylene 1110.8 2.61 14. 06 0. 28 47.98

glycol
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1.3 Procedures follows
Steps of the experiment are as follows: g=—2A 3’1;& (D
O
(1) Mass fractions of additives were selected ) o Y
. Liner fitting is done for four thermocouples
and solutions were modulated;
T(y)=a-+by (2)

(2) Spray height was adjusted to 18 mm and
heating power was adjusted to 1 400 W

(3) The nitrogen storage tank and pressure
reducing valve were opened while inlet pressure
was adjusted to a required value;

(4) System heat balance was considered to be
achieved when heating surface temperature kept
stable in 30 min;

(5) Inlet pressure was adjusted from 0. 45
MPa to 0. 85 MPa in turn;

(6) After the test heating system should be
shut down and cooling system should still operate
until the temperature of the heating surface re-

turned to normal.

2 Theoretical Analysis
2.1 Theoretical equations

The heating copper block was processed and
thermocouples were embedded in the heating
block, as shown in Fig. 5. Thermocouples 1, 2
and 3 were located at 10 mm intervals. The dis-
tance between Thermocouple 4 and the heating
surface was 15 mm. The heating surface diameter

was 28 mm.

(a) Copper heating block

(b) Distribution of thermocouples

Fig. 5 Copper heating block and distribution of ther-

mocouples

It is assumed that the insulation was covered
well on the heating block that heat only conducts
along Y direction (as shown in Fig. 5), then the

heat flux can be expressed by the Fourier law as

Heat flux, surface temperature can be ex-
pressed as
q=—2ab (€))
T, =T +bAry 4)
where A is the thermal conductivity of copper
(3.95 W/(cm « K)) and Ay the distance between
Thermocouple 1 and the heating surface, with its
value of 45 mm.
Surface heat transfer coefficient, another key
parameter of heat transfer performance, can be
expressed as

_ Q _ q
= AT =T " T.—T. )

where ¢ is the heat flux (W/cm?), Q the heat

volume (W), T, the heating surface temperature
(‘C), and T, the water inlet temperature (°C).
When adding additives to water, parameters
such as density, boiling point, freezing point,
specific heat, viscosity, thermal conductivity and
surface tension, which all have great influence on
spray cooling performance, are changed due to
the increase of mass fraction. Former research*"!
indicated that spray cooling performance in non-
boiling regime was mainly influenced by dimen-
sionless parameters, such as the Weber number
We, the Reynolds number Re, the Prandtl num-
ber Pr and evaporation intensity, which can be

expressed as

5:

We = (6)

o
2
Re = od 7
M
pr—Citt (8
o (9

Based on the above equations, surface heat
transfer coefficient can be expressed as

h:%z\fu(We,Re,Pr,e) (10)

where & is the convection heat transfer coefficient
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(W/(cm? » K)), ) the thermal conductivity of
the solution(W/(cm » K)) , D the equivalent di-
ameter of heating surface (cm), d the Sauter
mean diameter (SMD) (m), T., the saturation
temperature of cooling medium (°C), u the vis-
cosity (mPa + s), C, the specific heat transfer
(kJ/(kg * K)), ¢ the surface tension (N/m) and
u, the spray velocity (m/s). According to
Ref.[17], it can be expressed as follows

£22)”

u(]:Cq (1])

where C, is the flow rate correction coefficient,
with its value between 0. 6 and 1 based on nozzle
characteristics, Ap is the pressure difference in-
side and outside the nozzle (Pa), and p is the den-
sity of the cooling medium (kg/m?).

The variation of surface tension affects the
Weber number We. According to droplet break-
age mechanism, the break of droplets or liquid
film indicates that the Weber number is greater
than the critical Weber number. Therefore, the
smaller the surface tension is, the easier the drop-
lets overcome their own surface tension to be at-
omized into small droplets. This can enhance
spray cooling performance™'?J, Meanwhile with
the change of viscosity and thermal conductivity,
Reynolds number and Prandtl number vary.
From Tables 1,2, it can be concluded that there
is a limited decrease on thermal conductivity and a
great increase on viscosity.

With the increase of mass fraction of addi-
tives, the Reynolds number decreases while the
Prandtl number increases. Moreover, the Weber
number may increase or decrease depending on
the additive's type. Based on Eq. (10), extreme
value point of the Nusselt number may appear.
This means that cooling performance will not
simply be improved or reduced after adding addi-
tives. For further investigation on the effect of
salt additive and alcohol additive, experiments on
solutions with different mass fraction were devel-

oped in this paper.
2.2 Uncertainty

The maximum uncertainty of the sheathed K

type thermocouple is £0. 8 C. The maximum

uncertainty of fitting the slope of four thermocou-
ples is 0. 01 °C. The distance between thermo-
couples is decided by processing technology with
the uncertainty of 0. 1 mm. The water inlet
temperature is obtained by a PT100 platinum re-
sistor, whose maximum uncertainty is

+0.15 C.

Based on error transfer functionst*?

, on this
experimental setup, the uncertainty of heat flux,
surface temperature, as well as heat transfer coef-

ficient can be expressed as

=B )

(12)
0T . =/(6T )" + (8AT)? (13)

%h :«/ (%q) + (TwaiWTm) o+ (Twaimn) H
(14)

The uncertainty of heat flux, surface temper-
ature and heat transfer coefficient are 4. 9%,
+2.8% and £5. 6%, respectively.

3 Results and Discussions
3.1 Potassium chloride solution

The variations of heat transfer coefficient and
surface temperature difference of potassium chlo-
ride solution obtained from the experiment above
are displayed in Figs. 6, 7.

As shown in Fig. 6, under each inlet pres-
sure, heat transfer coefficient of the heating sur-

face increases with the increase of mass fraction

53

o~ 52 F KCl solution —m— Inlet pressure=0.45 MPa
M 51 F Height: 18 mm —e— Inlet pressure=0.55 MPa
o 30T Heat power: 1400 W_a_ Inlet pressure=0.65 MPs
g jg i —w— Inlet pressure=0.75 MPa
* 47} —<— Inlet pressure=0.85 MPa
B 46t

= 45 F

8 44

S 43

g 42t

S 41

5 40 |

g 39|

£ 38 |

5 37r

S 3.6

m 3.5 1 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Mass fraction / %

Fig. 6  Variations of surface heat transfer coefficient
with mass fraction of potassium chloride under

different inlet pressures
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of potassium chloride until the mass fraction rea-
ches 1%, and then decreases with the increase of
mass fraction. For example, under inlet pressure
of 0. 45 MPa and mass fraction of 1%, heat trans-
fer coefficient of potassium chloride solution is
3.9 W/(ecm? « K). Compared with heat transfer
coefficient of pure water which is 4. 0 W/(cm?
K), heat transfer coefficient has a slight increase
after adding potassium chloride. Meanwhile, heat
transfer coefficient increases with the increase of
spray inlet pressure, because higher pressure
leads to higher droplet velocity and the atomiza-
tion effect is enhanced. Under high inlet pres-
sure, the increasing rate of the heat transfer coef-
ficient caused by the solution mass fraction is

smaller than that under low inlet pressure.
30 KCl solution

29 - Height: 18 mm

s Heat power: 1 400 W
27+
26
25+
24 +
23 +
22 +

=8 Inlet pressure=0.45 MPa
—6— Inlet pressure=0.55 MPa
—A— Inlet pressure=0.65 MPa
21 ¢ —¥— Inlet pressure=0.75 MPa
—<«— Inlet pressure=0.85 MPa

Temperature difference / 'C

20 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Mass fraction / %
Fig. 7 Variations of surface temperature difference

with mass fraction of potassium chloride un-

der different inlet pressures

As shown in Fig. 7, heating surface tempera-
ture difference has a trend of decreasing firstly,
and then increases with the increase of mass frac-
tion of potassium chloride. The smallest temper-
ature difference appears under the mass fraction
of 1%. Another trend seen from Fig. 7 is that
temperature difference decreases with the increase
of inlet pressure. Under high inlet pressure, the
decreasing rate of surface temperature difference
is less than the value under low inlet pressure,
which means salt additives have more significant
effect under low inlet pressure. Therefore, heat
transfer enhancing effect of salt additives is limit-

ed. Moreover, salt solution will corrode the heat-

ing surface after a long period. Although salt so-
lution has the lower freezing point than water
which can enlarge system application range, it is
still not recommended to be applied to aircraft
spray cooling system.

3.2 Ethylene glycol solution

3.2.1

Due to the poor heat transfer performance of

100% pure ethylene glycol

pure ethylene glycol, base temperature of the
heating block will exceed 400 “C and the heating
block will be burned out under heating power of
1 400 W. So heating power of this test is set as
1 100 W. Results are displayed in Figs. 8—10.

180 -
179 Height:18 mm

178 Heat power:1 100 W

177}
176 |
175+
174
173}
172+
171}
170+
169 -
168 |-
167
166

165 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

Inlet pressure/MPa

—=&— Ehylene glycol
—®— Water

Heat flux / (W * cm™)

Fig. 8 Variations of heat flux with inlet pressure of

pure ethylene glycol

T; 52 Height: 18 mm ®  Ehylene glycol
. 4.8 L Heatpower: 1100 W —&— Water
'S 44+
Q
P 407t
g
I 36
8 32t
2
g 28t
3
3 24 B
&
4 20r
£ 16
g /'/./
m 12 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9
Inlet pressure / MPa
Fig. 9  Variations of surface heat transfer coefficient

with inlet pressure of pure ethylene glycol

It can be observed from Figs. 8—9 that the
heat flux of pure potassium chloride is less than
that of water. This means that, under the same
heating power, heat transfer ability of potassium

In addi-

chloride is weaker than that of water.
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tion, surface heat transfer coefficient of potassi-
um chloride is much less than that of water. This
is because the viscosity of potassium chloride is
higher than that of water while the thermal con-
ductivity is lower than that of water. As a result,
droplets velocity as well as liquid film fluidity be-
come worse, thereby deteriorating the heat trans-
fer performance of the system.

As shown in Fig. 10 surface temperature
difference is much higher than that of pure water,
which is extremely unfavorable for the stealth

performance of aircraft.

75
70 Height:18 mm —a&— Ehylene glycol
[ Heat power: 1100 W —e— Water
65
£ 60t
8 55¢
5 50
o L
?’E 45
]
E 40 +
g 351
g 30 b
B o5t
wf T,
15 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9
Inlet pressure / MPa
Fig. 10 Variations of surface temperature difference
with inlet pressure of pure ethylene glycol
3.2.2 Ethylene glycol solution under different

mass fractions

The variations of heat transfer coefficient and
surface temperature difference of ethylene glycol
solution obtained from the experiment above are
displayed in Figs. 11, 12.

In Fig. 11, surface heat transfer coefficient
under different inlet pressure decreases with the
increase of mass fraction of ethylene glycol. Un-
der inlet pressure of 0. 85 MPa and mass fraction
of 20%, surface heat transfer coefficient is 3. 96
W/(cm? » K) which decreases by 18. 52% com-
pared with that of water (4, 86 W/(cm® « K)).
Meanwhile, under inlet pressure of 0. 45 MPa,
the decreasing rate is 14. 83%.

It can be observed from Fig. 12 that surface
temperature difference increases with the mass
fraction of ethylene glycol, which means that

adding ethylene glycol to water is detrimental to

r  Ethylene glycol —a— Inlet pressure=0.45 MPa
[ Height: 18 mm —e— Inlet pressure=0.55 MPa
[ Heat power:1 400 W —A— Inlet pressure=0.65 MPa
L —v— Inlet pressure=0.75 MPa
A —<— Inlet pressure=0.85 MPa

Heat transfer coefficient / (W « cm” * K™')

WRWWWWWW A SD DRSS EBRAANN
Db xoo~bbhnananoo—t

0 2 4 6 8
Mass fraction / %

10 12 14 16 18 20

Fig. 11  Variations of heat transfer coefficient with
mass fraction of ethylene glycol under differ-

ent inlet pressures

heat transfer performance. However, adding eth-
ylene glycol can reduce the freezing point and im-
prove the application According to
ASHRAE Handbook 2005, the relationships be-

tween freezing point and mass fraction of ethylene

range.

glycol are listed in Table 4. When aircrafts oper-
ate in winter of North China, spray cooling sys-
tem would not operate normally using water as
cooling medium due to the low cabin temperature
below 0 ‘C. In this case, adding some ethylene
glycol to spray cooling system will make the sys-
tem operate normally and save the energy of pre-

heating the cooling medium.

32

3L Ethylene glycol
Height: 18 mm

30 + Heat power: 1 400 W

29
28
27
26
25
24
23

—&— Inlet pressure=0.45 MPa
—— Inlet pressure=0.55 MPa
—A— Inlet pressure=0.65 MPa
—w— Inlet pressure=0.75 MPa

Temperature difference / 'C

22 —<— Inlet pressure=0.85 MPa
21 1 1 1 1 1 1 1 L 1 1 1
0o 2 4 6 8 10 12 14 16 18 20
Mass fraction / %
Fig. 12 Variations of temperature difference with

mass fraction of ethylene glycol under dif-

ferent inlet pressures

3.3 Discussion using dimensionless parameters

The Reynolds number, Prandtl number and

Weber number were calculated on the basis of Tables
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Table 4 Relationships between freezing point and mass frac-

tion of ethylene glycol

Mass
0 5 10 15 20 25
fraction/ % 0 o
Freezing 0 —1.4 —3.2 —5.4 —7.8 —10.7
point/°C

1, 2. In the calculation process, the SMDs of
these solutions were calculated by equations pro-
vided by the nozzle manufacturer 7,

Based on previous research™?7, the Reyn-
olds number is the most critical dimensionless
number in influencing heat transfer coefficient.
As shown in Fig. 13 (a), with the increase of
mass fraction of Potassium chloride, velocity of
droplets decreases due to the increase of medium
density. The decrease of velocity and the increase
of viscosity lead to the obvious decrease of Reyn-
olds number. Meanwhile, it can be seen from

Fig. 13 (b) that with the increase of mass fraction

of ethylene glycol , velocity of droplets decreases

3 600 - < —u— Inlet pressure=0.45 MPa
3500 —e— Inlet pressure=0.55 MPa
3400 F —4— Inlet pressure=0.65 MPa
3300 L —v— Inlet pressure=0.75 MPa
3200 | Tlnlet pressure=0.85 MPa
3100 F v - <
8 3000 - A v
2900 - . o . A
2 800 - .
2700 | "
2600 - "
2500 -
2400 -
2300
2 200 1 1 1 1 1 1
0 2 4 6 8 10
Mass fraction / %
(a) Potassium chloride solution
3600 —=— Inlet pressure=0.45 MPa
3500 - —e— Inlet pressure=0.55 MPa
3400 - —4A— Inlet pressure=0.65 MPa
3300 | —v— Inlet pressure=0.75 MPa
3200 L —<— Inlet pressure=0.85 MPa
3100 |
3000 |
& 2900 |
2800 -
2700 -
2 600 -
2500 -
2400 -
2300
2 200 1 1 1 1 1
0 5 10 15 20
Mass fraction / %
(b) Ethylene glycol solution
Fig. 13 Variations of Reynolds number with mass

fraction under different inlet pressures

and viscosity of droplets increases, thus leading
to an obvious decrease of Reynolds number,
whose decreasing rate is larger than that of potas-
sium chloride solution.

From Fig. 14 (a), it can be observed that in
general, Weber number of potassium chloride so-
lution has an increasing trend with the mass frac-
tion, but the increasing rate decreases gradually.
This is because surface tension and density of the
solution both increase gradually, which causes
the increase of SMD. Meanwhile the increase of
surface tension has an inhibitory effect on the in-
creasing rate of Weber. As shown in Fig. 14 (b),
with the increase of mass fraction, Weber number
of ethylene glycol solution has an increasing
trend, and the increasing rate is larger than that
of potassium chloride solution. This is because
surface tension decreases while SMD increases by
the effect of large viscosity, both of which pro-

mote the increase of the Weber number.

1300
1250 L —=—Inlet pressure=0.45 MPa
—e—Inlet pressure=0.55 MPa
1200 |- —A—Inlet pressure=0.65 MPa
1150 | —w—Inlet pressure=0.75 MPa
1100 L —<—Inlet pressure=0.85 MPa
te———
1050 |
o 1000 | v)—v———v/—*/H
= 950 +
900 ,ar—a————*—T—— *
850 +
800 ./0—0—0/’/.
750 -
700 & —=
650 1 1 1 1 1 1
0 2 4 6 8 10
Mass fraction / %
(a) Potassium chloride solution
1300
1250 |~ Inlet pressure=0.45 MPa
—e— Inlet pressure=0.55 MPa
1200 | —— Inlet pressure=0.65 MPa
1150 L ¥ Inlet pressure=0.75 MPa
—«— Inlet pressure=0.85 MPa
1100 t+
1050 |+
o 1000 |
= 950 |
900
850
800
750
700
650 f 1 1 L 1
0 5 10 15 20
Mass fraction / %
(b) Ethylene glycol solution
Fig. 14 Variations of Weber number with mass frac-

tion under different inlet pressures
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The Prandtl numbers of each inlet pressure
are consistent because the Prandtl number calcu-
lation is only related to fluid properties. As
shown in Fig. 15(a), the Prandtl number of po-
tassium chloride solution has an increasing trend
which is higher than that of water and increases
rapidly under low mass fraction. This is because
thermal conductivity decreases rapidly under low
mass fraction and then decreases slowly due to
the ionization effect of potassium chloride solu-
tion. Meanwhile, it can be seen from Fig. 15 (b)
that the Prandt]l number of ethylene glycol solu-
tion has an increasing trend. In the mass fraction
range from 0 to 10%, the increasing rate of Pr in
ethylene glycol solution is less than that in potas-
sium chloride solution due to the small change of
thermal conductivity. This is because ionization
does not happen in ethylene glycol solution.

9.0

—m— All inlet pressure u

851 /
)
8.0t _/
I’./
& 7.5¢

7.0}
6.5F
60f "

1 1 1 1 1 1

0 2 4 6 8 10

Mass fraction / %
(a) Potassium chloride solution

9.0

—m— All inlet pressure
8.5}
8.0

& 7.5+
7.0F
6.5t /-/.
/'
6.0}
0 5 10 15 20

Mass fraction / %
(b) Ethylene glycol solution

Fig. 15 Variations of Prandtl number with mass frac-

tion under different inlet pressures

To sum up, under low mass fraction, due to

the ionization effect of potassium chloride solu-

tion, the heat transfer coefficient increases and Re
decreases. Meanwhile We nearly remains un-
changed. Temperature difference decreases in
Fig. 7 which means ¢ decreases under low mass
fraction. From Eq. (10) it can be concluded that
the Prandtl number has a dominant influence on
spray cooling heat transfer performance which
makes heat transfer coefficient increasing with the
increase of mass fraction; with continuous in-
crease of mass fraction, Reynolds number be-
comes the primary influencing factor due to the
increase of viscosity and surface tension. As a re-
sult, surface heat transfer coefficient decreases
with the increase of mass fraction.

Besides, under low mass fraction of ethylene
glycol due to the inexistence of ionization, the in-
creasing rate of the Weber number and the
Prandtl number is less than the decreasing rate of
Reynolds number. Therefore, heat transfer coef-
ficient decreases with the increase of mass frac-
tion. Viscosity still increases when mass fraction
continues to increase, making the effect of Reyn-
olds number more significantly. Thus, heat
transfer coefficient still decreases.

By the way, the spray inlet pressure has a
significant influence on the heat transfer perform-
ance. For the increase of droplet velocity and
droplet size caused by the increase of inlet pres-
sure, Re and We both increase, thus influencing
the heat transfer performance more obviously
than that of solution mass fraction. This work in-
vestigates the influence of different additives on
spray cooling heat transfer performance, without
in-depth discussion on the influence of inlet pres-

sure.

4 Conclusions

An open-loop spray cooling experimental set-
up was established to investigate the influences of
salt solution and alcoholic solution on spray cool-
ing performance. Conclusions are drawn as fol-
lows:

(1) In this experiment, heat transfer per-
formance is enhanced by adding potassium chlo-
ride to mass fraction of 1% and then weakened by

adding potassium chloride. Heat transfer per-
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formance is impaired constantly by adding ethyl-
ene glycol to water. Besides the pure ethylene
glycol has the worst performance.

(2) For the low mass fraction of salt solu-
tion, surface heat transfer coefficient increases
with the increase of mass fraction because Pr has
a major influence to spray cooling performance;
and then with the increase of mass fraction, Re
replaces Pr to be the major influencing factor that
surface heat transfer coefficient decreases with the
growth of mass fraction.

(3) For low mass fraction of alcohol solu-
tion, surface heat transfer coefficient decreases
with the increase of mass fraction because the de-
creasing rate of Re far outweighs the increasing
rate of Pr and We.

of mass fraction, Re plays a more significant role

Moreover, with the increase

so that heat transfer coefficient still decreases.
(4) For the aircraft spray cooling system, in
the interest of safety operation under severe oper-
ating conditions, some alcohol additives can be
added into the cooling medium to reduce freezing
point with a slight decrease of cooling perform-
ance. Salt additives can result in the same effect,
but its corrosion to heating surface makes it un-

recommended in aircraft spray cooling system.
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