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A Liquid Overfeeding Military Air
Conditioner with a Quench Valve

Vince C. Mei, Ph.D., P.E.

ABSTRACT

A 3.3-ton rated military air-conditioning unit has been
studied experimentally for baseline and liguid overfeeding
(LOF) operation. The tests before any modification, using the
nameplate-specified refrigerant charge, showed the measured
cooling capacity to be less than 1% off the rated capacity at
D5°F (35°C) ambient temperature. The texst results, after modi-
fication, indicate that LOF operation owtperforms the baseline
case over a wide ambient temperature range in terms of cool-
ing capacity, power consumption, and system cogfficient of
performance (COP). At a 95°F (35°C) test point, LOF opera-
tion has a cooling capacity of 51,100 Bru per howr, which is an
18% improvement over the baseline operation capacity of
42,500 Bru per hour. The COP for LOF at 95°F (35°C) is
262 which is 29% bewer than the baseline COP of 2.03.
However, an aptimal refrigerant charge is essential for LOF to
work properly.

INTRODUCTION

The Army has unique requirements for compact, rugged air
conditioners. These units are used to cool command, control,
communications, and intelligence electronics in mobile shelters.
These “window-type” units are available in a family of standard-
ized designs ranging from 6,000 to 60,000 Bty per hour (Bru/h)
and include both horizontal and vertical configurations. These
units use R-22 as their refrigerant. Their efficiency and perfor-
mance have been constrained by the compact design and rugged
construction necessary for them fo fit and operate on mobile
tactical shelters. Despite the relatively high cost of these units,
small incremental increases in performance have been rejected
in the past as not cost-effective. However, the performance gains
promised by the LOF technology (ASHRAE 1994; Richards
1970) developed for air-conditioning applications (Mei et al.
1995a) offered an oppertunity 10 dramatically improve perfor-
mance with 8 minimum increase in per-unit cost, This paper
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discusses the results of tests on an Army air conditioner with a
rated capacity of 39,644 Brwh madified for LOF operation. The
test data indicate that LOF operation improves system perfor-
mance over baseline performance by a good margin in power
consumption, cooling capacity, and COP at 95°F (35°C) ambient
temperature and indoor conditions of 80°F (26.6°C) and 52%
relative humidity (RH). The results indicate that LOF technol-
ogy could possibly change the 3.3-ton unit to a 4.25-ton unit.

BACKGROUND AND TEST SETUP

LOF equipment has been used on large refrigeration
systems for many years because of its high capacity and effi-
ciency, However, the system and equipment needed for LOF
operatior—such as a surge drum, floating valves, and other
related components—are too complicated and costly for appli-
cation in conventional air conditioning, But the LOF technology
can be applied to the air conditioner relatively easy. Basically
LOF operation requires adding an accumulator-heat exchanger
(AHX) in the refrigerant circuit and charging the system
adequately with refrigerant. When the system is properly
charged, the refrigerant starts accumulating in the AHX, The
liquid refrigerant from the condenser flows through the heat
exchanger coil inside the AHX and boils the refrigerant in the
accumulator. This heat exchange between low-side and high-
side refrigerant results in highly subcooled high-side refrigerant
at the entrance to the expansion device. In addition, the refriger-
ant boiling in the AHX results in saturated (or nearly saturated)
vapor going into the compressor, which improves compressor
volumetric efficiency and results in increased refrigerant mass
flow, With higher refrigerant mass flow and higher liquid
subcooling, the evaporator cannot evaporate all the refrigerant
and therefore has two-phase refrigerant flow at its exit The
liquid refrigerant is trapped in the AHX and boiled of by the hot
liquid line from the condenser. The result is that 100% of the
evaporator is wetted, thus increasing the cooling capacity. This
approach has been tried before on heat pumps (Farmer 1983)
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Figure 2 Refrigeramt-side schematic—modified design

with liquid subcooling control. The liquid subcooling control
could potentially result in unstable compressor pressure swing
In the present approach, no liquid subcooling control was used.
Figure 1 is a schematic of the original unit. Figure 2 is a sche-
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matic of the unit modified for
LOF operation; the modifications
permit switching back and forth
between normal and LOF opera-
tion, as no original components
were modified or changed. An
additienal expansion device is
present in the original system 1o
inject liquid refrigerant into the
suction line to reduce superheat
and, hence, discharge tempern-
ture (commonly known as a
quench wvalve). Because the
compactness of the compartment
makes it difficult to reach the
liguid line, holes were drilled on
the side of the anit for the addi-
tional piping required for the LOF
test, The turbine meter, which
measured the total refrigerant
volumetric flow rate, had to be
installed upstream of the quench
vilve. For the tests, evaporator
refrigerant-side flow rate calcula-
tion could not be performed
because part of the liquid Nows
through the quenching valve to
lower the suction line superheat,
Therefore, refrigerant-side
measurements are basically for
temperature and pressure. The
flow rate measurement was for
reference only. The major
componenis were not  altered
except for the thermal expansion
valve, which was bypassed by
two metering valves connected in
paralle] that served as the expan-
sion devices. An LOF system
requires either capillary tubes or
orifice plates as expansion
devices. Conventional thermal
expansion wvalves that control
refrigerant flow based on super-
heat cannot be used, as LOF oper-
ation generates litle or no
superheat. In this study, two
0,125 in. (0317 ¢m) diameter
orifice metering  valves were
installed in parallel as the expan-
sion devices.

Figure 3 shows the air-side test setup. One thermocouple
pile (six thermocouples) was installed on the air inlet and another
thermocouple pile (nine thermocouples) was at the air outlet for
dry-bulb temperature measurements. Wet-bulb temperatures
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Figure 3  Air-side schemaic.

were measured with a thermocouple wire covered with a weitted
wick. All measurements were on the air side so that dehumidi-
fication capability could be estimated. A three-phase power
meter was used to measure the system power consumption.

Before any modification, the unit was checked for leaks and
then evacusted and charged with 6.2 pounds of R-22, the amount
of refrigerant charge specified by the manufacturer. Tests were
performed at an ambient temperature of 95°F (35°C) and indoor
conditions of 80°F (26.6°C) and 52% RH. The cooling capacity
measured was 38,400 Buwh, which was about 3% off the rated
capacity of 39,644 Buw'h. The unit was then modified with the
LOF feature. The baseline and LOF tests were performed with
about 7.9 pounds of refrigerant charge for the extra piping
involved and for the LOF to start working (Mei etal. 1995a). The
cooling capacity for baseline operation was improved to 39 360
Brwh, which is less than 1% off the rated capacity. The results
showed that at 95°F (35°C) ambient, the cooling capacity and COP for
LOF operation were §.4% and | 1. 1%, respectively, higher than those of
the baseline operation (Mei et al. 19935a)

An additional 2.2 Ib (a total charge of 10.14 Ib) of R-22 was
again charged into the system and the baseline and LOF opera-
tion tests were repeated. The reason for the additional charge was
to have evaporator inlet (after the expansion device) and exit
temperafures equal to each other for LOF operation. This oper-
ating condition was considered as the optimal refrigerant charge.
The experimental findings of 10.14-1b charge, both for baseling
and LOF operations, are reported in the paper.

The modified system has completed approximately 300
hours of testing without any observed failures or negative perfor-
mance impacts. Oil return through the metering hole on the *J"

ASHRAE Transactions' Research

(after the expansion devices). The

performances for both baseline

and LOF operation were
measured. General observation showed that as the compressor
discharge pressures approached 400 psig (at 110°F [43.3°C)
ambient), the cooling capacity decreased for both baseline and
LOF operation. Testing above 110°F (43.3°C) was not
conducted because of chamber limitations.

Figure 4 is a comparison of the cooling capacity for base-
line and LOF operation. The baseline and LOF cooling capac-
ities have increased to more than 42,500 and 51,100 Buwh,
respectively, at 95°F (35°C) ambient, showing an LOF advan-
tage of more than 18%. The potential to improve the cooling
capacity of the unit from the original rating of 39,360 Btwh to
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Figure 4 Coaling capacity, LOF vs, baseline



more than 51,100 Buh, a 29.8% improvement in cooling
capacity, has been demonstrated with the LOF technology.

Figure § shows the dry-bulb and wet-bulb temperatures at the
evaporator air inlet and outlet for LOF and baseline operation. Wet-
bulb and dry-bulb temperatures for LOF operation are much lower
than for baseline operation, about 3°F lower at 95°F (35°C) ambi-
ent. This means the LOF operation has beth higher sensible and
latent load-cooling capacities, However, the advantages of LOF
operation slowly disappear at higher ambient temperatures because
the refrigerant charging for LOF operation was optimized at 95°F
(35°C) ambient. If the charging had been optimized at a higher
ambient, LOF operation would be expected 10 outperform the base-
line at & higher ambient; but then when the ambient was lower, the
advaniages of LOF would have been reduced.

Figure 6 shows the power consumption of the air condi-
tioner in both modes. Baseline operation actually consumes
more power. One reason is that the quench valve, which shunts
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Figure 5 Evaporator exit dry- and wet-bulb temperatures,
LOF vs. baseline.
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Figure 6 System power cansumption, LOF vs. baseline

110

part of the liquid from the condenser to the suction line, lowers
the compressor discharge temperature, However, this liguid
bypassing also causes the compressor to pump some exim
refrigerant without directly adding any cooling capacity at the
evaporator. During LOF operation, the quench valve is not
bypassing as much liquid as during baseline aperation because
there is little superheat at the suction line. At 95°F (35°C)
ambient, the power consumption for LOF is about 6.5% lower
than for baseline operation. Again, LOF operation was opti-
mized at 93°F (15°C) ambient and the power saving is a maxi-
mum at that temperature.

Figure 7 compares system COPs. At 95°F (35°C), the
system COP for LOF operation is 2.623. The percentage
improvement of LOF over baseline system COP is 29 3% —an
even greater improvement than in cooling capacity because
not only is cooling capacity for LOF much higher, but power
consumption for LOF is lower. If we compare LOF COP with
the air conditioner's baseline (7.9-1b charge) COP of 1.975
(Mei et al. 1995a), the improvement is 32.8%.

Figure 8 is a comparison of the compressor discharge pres-
sures. The discharge pressures for LOF and baseline operation
are close over a wide range of ambient temperatures, LOF
discharge pressure is slightly lower than baseline operation pres-
sure at low- and high-end ambient temperatures,

CONCLUSIONS

The experimental data clearly showed that LOF outper-
formed baseline operation aver a wide range of ambient temper-
atures in terms of much higher cooling capacity and system COP
The test results are encouraging. A unit normally rated at 39.360
Btw'h could be modified with LOF to have a cooling capacity
output of 51,100 Btwh with a 10.1-lb R-22 charge, a 29.8%
improvement. However, if comparing with the baseline perfor-
mance of 42,500 Btuwh at higher refrigerant charge, the improve-
ment is about 18%. Because additional piping and an additional
accumulator-heat exchanger were added 1o the system, addi-
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Figure 8 Compressor discharge pressure, LOF vs. buseline.

tional refrigerant was charged. COP is further improved because
power consumption using LOF is lower than in baseline opera-
tion. Compressor discharge pressure is in the 300- to 600-psia
range or higher with the 10. 1-Ib refrigerant charge. This is within
the normal operating range for this system at high ambient
temperatures and does not present a problem.

Because the refrigerant charge was optimized for 95°F
{35°C) operation, the improvement of LOF over baseline oper-
ation decreases at higher ambient temperatures, a good indica-
tion that optimal refrigerant charging is important for LOF
operation at a specific ambient temperature. Test data (unpub-
lished) for various refrigerant charging showed that overcharg-
ing the system excessively might result in a loss of cooling
capacity: excessive suction pressure backup caused by more
refrigerant boiling in the AHX resulted in higher suction temper-
atures and thus nigher evaporator coil temperature,

If compactness is important, LOF can be used in smaller
evaporator and condenser sizes and maintain the same cooling
capacity. The addition of the AHX means that the liquid recerver
can be eliminated. LOF operation also can replace expensive
expansion valves with low-cost orifice plates or capillary tubes,
thus potentially lowering the overall cost and improving reliabil-
ity. For future air conditioners using R-22 replacement refriger-
ants, LOF provides an even more promising improvement (Mei
et al. 1995b), Currently, all the promising R-22 substitutes are
hydmofluorocarbon mixtures. For nonazeotropic refrigerant
mixtures (NARMs), a higher subcooling level means a lower
evaporator inlet temperature after expansion because of the
temperature glide. LOF thus will enhance system performance
with NARMSs. LOF presents an opportunity to update the design
of future Army air-conditioning units by improving perfor-
mance cost-effectively.
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DISCUSSION

Brian Webb, General Manager, Envirothermics, Inc.,
Winnipeg, Manitoba, Canada: Why not install the HGBP/
quench valve assembly upstream of the accumulator/heat
exchanger and so not compromise the compressor life span
by liguid slugging and excessive suction superheat? (Either
could be the case with malfunction of the HGBP ussembly.)

Vince C. Mei: It is a good suggestion. But, the quench valve
was in the unit as one of the original components. The liquid
over-feeding (LOF) feature was added to the system later,
based on the coneept that no original components, other than
expansion devices (by-passed), would be replaced or taken
out. The military air conditioner was built so tight that we
could not reach the quench valve without taking the unit
apart (which we did not do). LOF operation was to have two-
phase refrigerant flow at the exit of evaporator. We thought
the quench valve will be closed anyway because the suction
line superheat would be minimum. The location of the
quench was, therefore, not really a concern in our study. For
new generation military air conditioners, if LOF is adopted,
the quench valve could be eliminated.

Ron Cole, President, R.A. Cole and Associates, Inc.,
Champaign, [lL.: The presenter reported a reduction in mea-
sured compressor power with the LOF evaporator. What
were the factors that made that happen? Unless the compres-
sor is operating to the right of the peak of the power vs. the
suction pressure curve, the power must increase with an
incrense in suction pressure.



Mei: One major reason for the compressor power to
decrease is that LOF actually has lower refrigerant flow rate
than that of the baseline operation. The quench valve for
baseline operation was found to be constantly in operation.
For LOF operation, the refrigerant by passing the quench
valve was much less. For example, at 95°F ambient, one set
of out test data showed that baseline refrigerant flow was at
about 1.48 gpm, and LOF at about 1.3 gpm. Also, our test
results showed that LOF has smaller compression ratio than
that of baseline operation, which indicate that LOF operated
at higher compressor efficiency.

Will Stoecker, Professor Emeritus, University of Illinois,
Urbana: Rather than the orifice valves to control the liquid
flow, could a medulating valve sensing the liquid level in the
accumulator control the level?

Mei: The liquid Level control valve, usually used in flooded
evaporator type systems, can be used for LOF design, How-
ever, the cost will be substantial and the system will be com-
plicate for residential air conditioners. The metering valves
used in this study was for research study only. If LOF is
included in the future military air conditioner design, the
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metering valve will be replaced by an orifice plate. Because
we don't know what size of the orifice plate to be used on
this specific unit, metering valves (two in parallels in this
study) provide the flexibility needed to optimize the refriger-
ant expansion process. To match the orifice size with the air
conditioner size will require further study.

Steven Lowe, President, Lowe Temperature Solution,
Inc., Canterbury, N.H.:. How much was the charge
ncreased in your lab unit and projected in a production unit?

Mei: The nameplate of the air conditioner calls for 6.2 Ib of
R-22 charge. Because of the additional piping and an off-
the-shelf accumulator heat exchanger involved in the LOF
design, 7.9 Ib was charged before LOF started working. The
extra piping was substantial in this engineering unit in order
to keep all the existing components. An additional 2.2 b was
charged (10.1 total) for LOF to be optimized. In the real pro-
duction unit, with properly sized accumulator heat
exchanger, less additional piping, and possibly no receiver,
we project that an additional 10% refrigerant charge (about
0.6 1b) will be sufficient.
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