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Actively Pumped Two-Phase Loop for Spray Cooling
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A new closed two-phase loop that combines with a large area spray cooling unit for the cooling of high heat-
flux power sources is developed. The fluid circulation is sustained by a magnetic gear pump operating with an
ejector unit. The motive flow of the ejector shares the pumping liquid flow with the multinozzle spray. With the
assistance of the ejector, the maximum spray pressure drop across the nozzle can be enhanced by at least 0.56 bar
at critical heat fluxes (CHF). This increases CHF of the spray cooling by up to 16 %. More importantly, the use of
the ejector prevents the uncondensed vapor from entering the magnetic gear pump and stabilizes the circulation
of the two-phase flow. During the experiment, a multinozzle assembly with 48 miniature nozzles is employed. The
target spray cooling area is 19.3 cm?. FC-72 and water are used as the working fluid. The present design concept
can be applied to cooling systems operating in the aerospace environment.

Nomenclature

= cross-sectional area of flow, m
diffuser area ratio, A, /A,
jet nozzle area ratio, A, /A,
= (AI - An)/ An

diameter, m

throat entry friction loss coefficient

n ejector nozzle friction loss coefficient
throat and diffuser friction loss coefficient
liquid flow ratio, Q»/ 0,

L = cavitation-limited liquid flow ratio
pressure ratio, (ps — ps)/(pi — pa)
pressure, N/m?

vapor pressure, N/m?

primary liquid flow rate, gpm

secondary liquid flow rate, gpm

" = heat flux, W/cm?

critical heat flux, W/cm?

spray saturation temperature, °C

cooling surface temperature, °C

time, s

fluid velocity, m/s

= jet dynamic pressure, N/m?

liquid density, kg/m?

cavitation coefficient

pressure drop across the spray nozzle, N/m?
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1. Introduction

O dissipate heat from current and future high-power directed

energy devices for space-based applications, advanced ther-
mal management approaches should be adaptable to high heat-flux
acquisition and high heat rate transport in extreme space environ-
ment. The directed energy device power levels and repetitive fire
rates are dependent on how well the large amount of waste heat can
be managed in the system and effectively removed from the sys-
tem. Evaporative spray cooling has been exhibited to be an effective
method of removing high heat fluxes (greater than 500 W/cm? using
water as working fluid) from surfaces with low superheat at a low
coolant flow rate. The high thermal performance of the spray cool-
ing has been verified for varied cooling surface areas up to 20 cm? at
pressure drops greater than 1.03 bar (Refs. 1-3). The use of spray-
cooling technology for the cooling of the high power sources will
make it possible to significantly increase its pulsed peak power and
repetitive fire rate. In comparison, a single-phase cooling system
using microchannel flow with subcooled nucleate boiling* would
require seven times more mass flow rate with higher pressure drop
for achieving the same heat flux as the spray-cooling experiment.
However, to be effective in the space environment, the problem of the
pump malfunction should be solved. It has been found that the va-
por entering a mechanical pump used in a closed-loop spray-cooling
system reduces pumping pressure head or even makes the pump un-
able to generate any pressure head. This type of pump malfunction
is associated with vapor quality at the inlet of the pump. The vapor
flowing towards the pump could result from insufficient subcooling
of the fluid from the condenser, an insufficient fluid fill amount, and
unsteady two-phase flow. One solution to this problem is to apply
an ejector connecting with a bypass line. The motive liquid flow of
the ejector merges with the liquid flow from the condenser. The use
of the ejector prevents the uncondensed vapor from entering the me-
chanical pump and stabilizes the circulation of the two-phase flow.
An alternative solution to the circulation of two-phase flow in the
closed loop was the use of a gas compressor to pressurize the vapor
that could be used to atomize the spray.® The present paper deals
with the pumping enhancement caused by the use of the ejector. The
thermal testing result of the large area spray cooling is presented at
an enhanced spray pressure drop.

II. Spray-Cooling System with an Enhanced
Pumping Capability
Figure 1 shows the schematic of the experimental setup with
a mechanically pumped two-phase loop coupled with the spray-
cooling unit. The closed loop consists of a preheater, a spray chamber
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Fig. 1 Schematic of the test setup with an ejector bypass line.

w‘.

§] Single phase liquid inlet to nozzles \

s > )
e W

Ry, Two phase fluid outlet tube

RS =2 A
Fig. 2 Test article facing the Vortek plasma heater with two high-
power quartz lamps.

housing a multinozzle assembly with 48 miniature nozzles (forming
a4 x 12 nozzle array), a heater assembly with a cooling surface area
of 2.54 x 7.60 cm?, a coaxial coil-type condenser, an ejector unit
with the motive flow from the bypass loop, a magnetic gear pump, a
liquid reservoir for liquid charge, and a filter. A cold bath is used to
supply the cooling water to and from the condenser. The inlet port
of the magnetic gear pump is connected with an extension of the
discharge port of the ejector. Between the pump and ejector, there is
a section of transparent tube for observation of the flow towards the
pump. FC-72 and water are used as the working fluid. The closed-
loop system is evacuated before filled with the working fluid. The
two-phase fluid from the spray chamber flows into the condenser
where the vapor condenses. The motive flow of the ejector drives
the subcooled liquid from the condenser, and they mix in the ejector.
The merging liquid flow is then pressurized through the magnetic
gear pump. The liquid from the pump is divided into the flow for
the spray cooling and the flow as the motive liquid for the ejector.
For the cooling of high heat fluxes greater than 400 W/cm?, water
is used as the working fluid, and a Vortek plasma heater is used as
the heat source (other than the cartridge heater for testing with FC-
72). Figure 2 shows the test article facing the Vortek plasma heater
with two high-power quartz lamps. The spray-cooling surface is
vertically placed.

The individual nozzle configuration for the present test is similar
to the previous one.® The spray nozzle discharge orifice diameter, the
distance between two nozzles, and the spray distance are 0.25, 6.35,
and 10 mm, respectively. The overall spray chamber space dimen-
sions are 26.2 mm (high), 118 mm (long), and 72.0 mm (wide). The
spray droplets partially vaporize upon reaching the cooling surface,
removing heat mainly through phase change. In the spray chamber,
there is a side channel surrounding the spray nozzles to effectively
remove the two-phase fluid away from the cooling surface. The
two-phase fluid in the side channel is driven to the outlet channel
by the spray momentum-induced pressure drop and also because of
the suction effect created by the ejector pump. A multinozzle spray
performance test using FC-72 has shown that at a pressure drop be-
tween 1.72 to 1.86 bar the spray array just inscribes the rectangular
cooling surface area (19.3 cm?) at the spray distance of 10 mm. This
spray impact pattern on the cooling surface has been considered be-
ing desirable for the spray thermal performance.” Overlapped or
sparser spray cones can result in a lower critical heat fluxes (CHF)
of the spray cooling.

The liquid flow rates in the spray loop and the bypass line are
measured using two turbine flow meters. All pressures are measured
using pressure sensors. The spray pressure drop, Ap = p; — ps, is
controlled by the power input to the pump and the bypass valve.
The spray chamber pressure ps corresponds to the spray saturation
temperature Tg,. The fluid temperatures in the spray-cooling sys-
tem are measured using type-T probe thermocouples. The liquid
temperature at the inlet of spray chamber is regulated by adjusting
the cold bath temperature and input power to the preheater. The
ejector performance is characterized with three pressure sensors at
each port of the ejector and two flowmeters in the spray loop and
the bypass line. During the test, the pressure drop across the spray
nozzles is varied from 1.03 to 2.28 bar for water and to 3.80 bar for
FC-72.

Six thermocouples are embedded in 0.58-mm holes drilled along
two planes in the heater plate, forming three pairs of thermocouples
for input power measurement. The distance between two thermo-
couples in each pair is 5.33 mm. The distance between the cool-
ing surface and the upper plane of the thermocouple locations is
2.85 mm. The thermocouple bead diameter is 0.3 mm. The heat rate
is calculated using the average temperature difference between the
two thermocouple location planes, the interface area of the heater
plate with the heat source and the thermocouple pair distance. The
average temperature on the cooling surface is estimated through the
extrapolation of the thermocouple readings across the two planes.
During the test, the input power is varied from 200 W up to the
amount relating with CHF. All measured quantities reflected by
voltage signals are collected in a data-acquisition/switch unit and
converted into digital signals that are transferred to a PC for moni-
toring and recording.

The data-acquisition unit and the thermocouples are calibrated,
and the system accuracy is found to be within £0.2°C over the
range of interest. The accuracy of the distances between two ther-
mocouples in each pair and between the cooling surface and its
closer thermocouple locations in the heater plate is £0.2 mm. The
uncertainty of the heat flux is 12% at ¢” = 10 W/cm?, which is the
smallest experimental value used. The uncertainty of the hot sur-
face temperature T, is estimated within 3.1°C at ¢ = 500 W/cm?,
which is the upper limit in the present test. The effect of the tem-
perature gradient across the thermocouple beads in the heater plate
is not considered in the uncertainty analysis. The accuracies of the
pressure sensors reading are 8.6 x 107> bar. The uncertainty of Ty,
is estimated within 0.3°C. The turbine flowmeter is calibrated. The
uncertainty of the flow rate is 3% of reading.

III. Ejector Flow Model

The liquid-jet pump transfers energy from the primary (motive)
liquid to the secondary (suction) fluid (the same liquid in the present
case). The ejector is used to generate the suction effect at the end
of the condenser, and this enhances the pumping capability of the
spray loop. The primary drawback is efficiency. Both friction losses
and unavoidable mixing losses are incurred. Nevertheless, careful
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Fig. 3 Liquid-jet ejector configuration.

design can produce pumping effect with efficiencies on the order of
30 to 40%. A typical liquid-jet ejector is shown in Fig. 3.

The liquid-jet ejector model is based on one-dimensional flow
analyses.® The ejector performance can be characterized by the pres-
sure ratio NV, which is defined as

N = (pa — ps)/(pi — pa) &)
and the liquid flow ratio M, which is defined as
M= 0,/0 2

Using the one-dimensional model and assuming the same liquid
density for the primary flow and secondary flow, the pressure ratio
can be calculated by

2b? 1+ Kep
N = |:2b+M2<] — = ) —b2(1+K1d+a2)
20 1+ K
xA+M>| [ 11+ K, —2b—m? I+
1-b c?
+ 02 (1 + kg +a®) (1 + M)z} (3)

The recommended values for the friction loss coefficients are
K,=0.05, K4=0.2, and K., =0 (Refs. 8 and 9). The value of
K4 can range from 0.17 to 0.4.

The ejector can encounter cavitation that occurs in the mixing
throat. In the case of cavitation, the throat inlet pressure is reduced
to the vapor pressure p, of the secondary liquid. Any further drop in
the backpressure has no effect on the liquid flow ratio that reaches
the cavitation-limited liquid flow ratio M, . The value of M, can be
predicted as follows'©.

My =c\/(ps — p,)/oZ “4)

where the cavitation coefficient o is recommended to be 1.35 and
the jet dynamic pressure Z is given by

Z=pV} /2 )

The occurrence of cavitation will cause large departure of the mea-
sured pressure ratio N from the calculated curve.

IV. Results and Discussion

A. Ejector Performance

A positive result of maintaining a sound fluid circulation by using
the ejector unit is obtained. For appropriately adjusted values of M,
no vapor entering the magnetic gear pump is observed at varied heat
rates up to CHF and at different nozzle pressure drops up to 3.80
bar for FC-72 and to 2.28 bar for water (at CHF). On the contrary,
in the previous spray-cooling tests without the ejector unit the vapor
could occasionally enter the pump along with the circulating liquid

at spray pressure drops above 1.03 bar for water. The comparison
shows that using the ejector in the closed two-phase loop enhances
the capability of maintaining the two-phase fluid circulation.

The ejector pressure characteristics N in relation with the liquid
flow ratio M for different values of K4 are calculated, and the re-
sults are presented in Fig. 4. Also presented in this figure are the
experimental data points reflecting N. During the test with FC-72 as
the working fluid, M is widely varied to find the relation between N
and M. With water as the working fluid, however, M is adjusted only
between 1.05 and 1.12. The liquid flow ratios of all of the data points
in Fig. 4 are below the corresponding values of M, . The data point
for water is slightly higher than the predicted value with Ky = 0.20.
Most of the data points for FC-72 are lower than the predicted curve
with K4 = 0.20 and fall in the region between K,y = 0.20 and 0.40.
This means that in most cases with FC-72 the ejector efficiency is
lower than the recommended one (with Ky = 0.20).

Figure 5 shows a phenomenon of unstable flow during the test at
a high liquid flow ratio of M = 1.5 for FC-72. Both spray flow rate
and bypass flow rate oscillate at M = 1.5, but they are stabilized
at M =1.25. More acquired experimental data points support the
fact that to prevent the uncondensed vapor from entering the mag-
netic gear pump the liquid flow ratio needs to be adjusted between
M =0.7 and 1.25.
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Fig. 4 Ejector pressure characteristic NV as the function of the flow
ratio M.
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ber to a pulsed heat load at Ap =1.72 bar.
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Fig. 7 Response of thermocouples in the heater plate and spray cham-
ber to a pulsed heat load at Ap =2.28 bar.

B. Thermal Response of the Test Article

If the ejector is not used, the maximum nozzle pressure drop that
the loop system with water can reach is 1.72 bar. In this case, the
thermal response characteristics of the spray cooling with water to
the pulsed high flux radiant heat are shown in Fig. 6. The spray
saturation temperature is 80°C. The locations of the thermocouples
3 and 4 are shown in Fig. 1. During the transient process, the change
in the spray chamber temperature is relatively small for the varied
heat-flux levels of 155, 410, and 430 W/cm?. The steady state is
achieved in about 8 s after energizing the plasma heater. The critical
heat flux ¢/ is 430 W/cm?.

With the assistance of the ejector, the maximum spray pressure
drop across the nozzle can be enhanced up to 2.28 bar for water.
At the enhanced nozzle pressure drop, the thermal response of the
thermocouples in the heater plate and spray chamber is presented
in Fig. 7. In this case, CHF of the spray cooling reaches 500 W/cm?

increasing by 16% compared to the case of 1.72 bar. More im-
portantly, the use of the ejector prevents the uncondensed vapor
from entering the magnetic gear pump and stabilizes the circulation
of the two-phase flow. At heat fluxes above 400 W/cm? and be-
low CHE, the heat-transfer coefficient ¢” /(T,, — T,) is higher than
110 kW/m?K.

V. Conclusions

1) The use of the ejector prevents the uncondensed vapor from
entering the magnetic gear pump, enhances the pumping capability,
and stabilizes the circulation of the two-phase flow.

2) To effectively prevent the vapor from coming into the pump,
the liquid flow ratio should be controlled within the range from
M =0.7to 1.25.

3) With the assistance of the ejector, the maximum spray pressure
drop across the nozzle can be enhanced by at least 0.56 bar at CHF.
This increases CHF of the spray cooling by up to 16%.

4) The spray-cooling system with a large cooling area of 19.3 cm?
reaches CHF of 500 W/cm? for water as the working fluid.

5) The present design concept can be applied to cooling systems
operating in the aerospace environment.
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