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SUMMARY

'l In response to early indications of excessive sand
ingestion through the LACV-30 main engines and low pressures at
their inlets, the inlet Air Management System was instrumented
for air flows, pressures and temperatures and tested at various
power conditions. These tests confirmed the presence of negative
pressures at the inlets and provided data showing where the
principal pressure losses occurred.

Concurrent analysis of the original two-stage filtration
system demonstrated that at its design filtration efficiency
it would pass excessive amounts of particulates when operating
in the high sand and dust environment experienced during testing
at Fort Story, Va. It was concluded that a third stage of
filtration must be added to the systggkj

Various modifications to reduce losses and further
increase AMS pressures tp- accommodate a third stage of filtra-
tion were investigated.™J’A modified AMS configuration incorpor-
ating additional filtration, a diffuser at the fan exit, an
enlarged entrance to the engine inlet compartment, and shifting
the o0il cooler air load from the AMS fan to the lift system was
designed and analyzed. )-Analysis showed that this configuration
would provide a positive pressure of from 4" to 7" of water at
the engine inlets. Recommendations were made for installation
and early tests of key components in the original AMS aboard LACV-
30-2 and, upon verification of expected performance, to fabricate,
install and test the modified AMS configuration.
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PREFACE

This report is one of a set of two reports documenting the
results of a program to improve the performance of the LACV-30
Air Management System (AMS). Report No. 7467-928007, "Performance of
the LACV-30 Air Management System Initial Configuration" describes
the original AMS configuration, presents test data showing the per-
formance of its various components, recommends design modifications
to provide higher pressures and incorporate an additional stage of
filtration, and predicts the performance of the modified configuration.
Report No. 7467-928008, "Performance of the LACV-30 Air Management
System Modified Configuration" presents the results of a test program
conducted to demonstrate the adquacy of the AMS after modification.

The program was performed by Bell Aerospace Textron under Contract
No. DAAK02-75-C-0149 with the U.S. Army Mobility Equipment Research
& Development Command. Mr. John Sargent was the Contracting Officer's
Technical Representative and Mr. C. E. Burr was the BAT Program
Manager.




Section Page
SUMMARY 17872
PREFACE 3
) INTRODUCTION 6
K. INVESTIGATION 8
III. DISCUSSION 14
IVv. CONCLUSIONS 24
Y. RECOMMENDATIONS 24
APPENDIX A - PHASE I TEST DATA A-1
APPENDIX B - PREDICTION OF AMS PERFORMANCE B-1
WITH THE PROPOSED SYSTEM
MODIFICATIONS
4
v
i

CONTENTS




Figure No.

1

2
3
4

(5}

LIST OF FIGURES

LACV-30 AIR MANAGEMENT SYSTEM
AIR MANAGEMENT FAN INLET DUCT AND ELBOW
TEST INSTRUMENTATION PLAN

COMPARISON OF DESIGN ESTIMATED PRESSURES
WITH PHASE I TEST RESULTS

AIR MANAGEMENT FAN PERFORMANCE

DUCT ARRANGEMENT TO SUPPLY LIFT SYSTEM
AIR FOR MAIN ENGINE COOLING PURPOSES

AMS FAN DISCHARGE DIFFUSER
AIR DUCT MODIFICATION

AMS PRESSURE DISTRIBUTIONS

L]
TABLES

INSTRUMENTATION LIST

Page

11
15

18

21
22
23

12 & 13




I. INTRODUCTION

Initial operation of the LACV-30-1 vehicle on the beaches of
Fort Story, Virginia, revealed that the main engine first stage com-
pressor blades were wearing at an excessive rate. The nature of the
wear, shown in Figure 1, was typical of that caused by ingestion of
abrasive particles such as sand. However, the LACV-30 vehicles are
equipped with an active Air Management System (AMS) incorporating
moisture and particle separation devices to clean the incoming air,
and a fan designed to maintain positive pressures throughout the
system to prevent inflow of contaminated air downstream of the
separators.

In response to the indications of excessive sand ingestion by
the engines, a preliminary survey of key AMS pressures was made in
February 1976. The data showed that the pressures at the engine
inlet were actually several inches of water below ambient. In
addition to allowing sand to enter downstream of the filters, the
low system pressures also impaired the effectiveness of the engine oil
cooler, which required pressurized cooling air from the AMS. Several
minor modifications to increase AMS pressure, including an improved
lip at the AMS intake, higher fan blade angles, and turning vanes in
the intake elbow and in the fan discharge plenum were tried with
minimal success.

In the meantime, calculations were performed which showed that
even at the design value of AMS filtration efficiency the engines
would see excessive inlet contamination when operating in the extreme
sand and dust environment, often producing zero visibility, experi-
enced at Fort.Story. Hence, it was concluded that a major AMS
redesign must be considered.
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II. INVESTIGATION

AIR MANAGEMENT SYSTEM DESCRIPTION

The original configuration of the Air Management System (AMS)
of the LACV-30 is shown schematically in Figure l. In operation,
a single-shaft gas turbine engine drives a horizontally oriented
axial fan which draws ambient air into the system through the vertical
air inlet stack, the entrance of which is approximately seven feet
above the centerline of the fan. At the lower end of the stack, the
air passes through a 90° elbow and enters the fan, Figure 2.

The fan discharge passes to a receiver and is divided equally
to supply the port and starboard power plants and the auxiliary
power unit, (APU), through identical filtration systems. In Figure 1,
which shows the starboard system, Filter No. 1 is an inertial separ-
ator in which 94% of the airborne solid materials (predominantly
sand) are removed. This is scavenged from the separator by approxi-
mately 10% of the main stream air through a port in the bottom of
the assembly. The remaining 90% of the air continues on through
Filter No. 1 to be divided three ways in the duct immediately down-
stream. Approximately 25% of the air enters a small duct, is
joined by an equal amount from the port system, and conveyed aft
to provide combustion and cooling air for the APU.

Approximately 20% of the stream is diverted for cooling the
lubricating oil for the main engines and their reduction gears, and
for ventilating the hot compartments which contain the main engine
combustors and exhaust ducts. The remaining air flow passes to the
main engines through Filter No. 2, a demister, which agglomerates
and removes airborne water mist.

In an early attempt to improve filtration and reduce pressure
losses, a pair of flow splitters were installed in the fan discharge
plenum, as shown in Figure 1, to distribute the flow more uniformly across
the faces of the inertial separators (Filter No. 1l). This modification
is included in the AMS "initial configuration" formally investigated.

PHASE I TEST PROGRAM

The AMS was expected to maintain a gage pressure of at least
2.4" w.g. at the engine inlets. It was apparent from early tests
with minimal instrumentation that unanticipated pressure losses
amounting to more than five inches w.g. were causing negative gage
pressures of the order of -3.0" w.g. at the engine inlets during
normal power operation. In order to determine the reasons for this
condition a test program was conducted with more complete
instrumentation. 2
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The test plan for this phase was directed specifically at
assessing the AMS performance and identifying the components that
failed to perform as anticipated. Figure 3 is the instrumentation
plan, showing the locations of the pressure and temperature probes.
The identification code associated with each sensor appears in
Table I where the type of probe and its purpose are indicated. In
general, the objective of the plan was to determine the temperatures,
static pressure distributions, and velocity heads (where significant),
to facilitate the determination of flow rates, pressure drop and, in
some regions, the local pressure distributions.

The test matrix was arranged to be compatible with the vehicle,
the time schedule and the test objectives. Briefly summarized, 52
bits of pressure data and 10 bits of temperature data were recorded
for each main engine power setting, in addition to engine speeds,
torques and temperatures of critical importance. Engine powers were
varied from "idle" to the maximum available in three steps, the
maximum being defined as the highest that could be reached in a
stationary, i.e., "tethered” condition. This was approximately the
"normal power", (1440 HP) depending on the ambient temperature. The
data taken at the maximum power are of the greatest interest because
the engine air flow, and hence the flow losses in the AMS, are largest
at this condition.

A series of six tests, consisting of 19 runs, was made. A
computer program was developed to organize and tabulate the raw data,
and to correct, average and otherwise manipulate it into useful forms.
The computer outputs for all runs are presented in Appendix A, along with
a table correlating the test number with the system configuration tested.

10
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III. DISCUSSION

COMPARISON OF PREDICTED AND MEASURED AMS PERFORMANCE

The expected pressures throughout the original AMS had been
predicted for a 3200 horsepower, or 1600 horsepower per Twin
Pac, engine operating condition. The high horsepower condition is
the most critical because the high engine air flow maximizes the
pressure losses throughout the AMS.

The highest power achieved in the Phase I tests was the 1385
horsepower of Test No. 6-C3b0616, performed with the LACV-30 under
way at about 30 mph. Although partial recovery of the free stream
dynamic pressure in the AMS inlet stack could present a slightly
optimistic picture of system performance, the maximum theoretical
value of recovered pressure is about 0.5 inches of water, which is
deemed negligible. Thus, that run was selected for comparison with
the predicted AMS performance.

A tabulation of key system pressures from Test No. 6, Run C3b0616
with the corresponding original design prediction appears in Figure 4.
These data indicated that the static pressure, P5 at the upstream face
of Filter No. 1 was lower by 2.9" w.g. than was predicted. This could
be attributed to: 1) failure of the fan to produce its design value
of pressure head, 2) fan inlet disturbances due to the close proximity
of the inlet stack elbow to the front face of the fan, or 3) to the
inability of the fan discharge receiver to convert a significant
portion of the discharge head to static pressure. Of these three
possibilities, the first appeared to be the least likely. Further,
Test Nos. 3 and 4 showed there is little to be gained by resetting
the fan blade angles. However, if the turning vane in the inlet elbow,
Figure 2, failed to suppress sufficiently the formation of vortices
in the elbow, the fan performance could be adversely effected.

It can be deduced from the fan manufacturer's data that at the
designed rate of flow rate of 32,000 CFM the static pressure of the
discharge of the fan annulus is approximately 6.1" w.g. with a
velocity head of 7.9" w.g. The data in Figure 4 indicates that
little if any of this kinetic head is being recovered.

The filtration devices appeared to be performing reasonably
close to the predictions, as indicated by the similarity of predicted
and measured AP's between Stations 5~7 and 7-8.

At the inlet to the engine compartment, the data indicates that
pressure losses between Stations 8 and 10 are more than three times
the predicted values, due most probably to an insufficient inlet area
producing excessive inlet velocity and turbulence in the chamber.

The pressure in the oil cooler bay, Station 12, is about half
of the predicted value. Although the pressure drop across the coolers,
between Stations 12 and 13 is about what was predicted, it was attained
only with full-open louver doors at the exit, while the prediction was

14
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based on partially closed louvers. Thus, the o0il cooling system
had nothing left in hand to meet higher than nominal cooling
requirements.

AMS MODIFICATIONS

The Phase I test results clearly demonstrated the need for
AMS design modifications to produce the required engine inlet and
0il cooler pressures, even with the original filtration scheme.
Concurrent analysis of premature engine compressure blade erosion
also showed that another stage of filtration must be added,
introducing a further loss of pressure.

Maintenance inspections revealed substantial quantities of
sand in the engine air supply ducts downstream from the filtration
system, and erosion of the main engine compressor blades confirmed
that abrasive sand was being airborne into the engines. FEven with
the solid particle separators, Filters No. 1, performing as intended,
it can be shown that the extraction of the specified 94% of the
airborne solids is not adequate for operation in a sand environment
where visibility approaches zero, as the LACV-30 is called on to do.
A means was sought by which the sand ingestion could be reduced to
a tolerable level.

The means most immediately available involves the installation
of a third stage of filtration, a barrier type filter, between the
existing system and the engine inlets. An arrangement using four
Donaldson Duralife II panels per side, operating in parallel was
designed. From the manufacturer's data an additional pressure loss
of 1.5" w.g. will be experienced with a clean filter, and will increase
with time as the amount of trapped solids increases. The cycle life
of the barrier filter for severe dust conditions was balanced against
the increasing pressure differential and it was concluded that an
increase in pressure drop to about 4.0" w.g. must be tolerated. This
will occur when the filter load reaches 340 grams per panel.

Thus, AMS modifications were required which would raise the
engine inlet pressure by at least 7.0" w.g.---4.0" to overcome the
filter No. 3 pressure drop and 3.0 to increase the measured =-2.4" to
a non-negative pressure.

One means studied involved the bleeding of 32,000 CFM of air
at from 8.0" to 15.0" (depending on the gross vehicle weight) from
the lift system plenum, which system was shown to have ample capacity,
and use it to supercharge the existing AMS fan. This arrangement places
the AMS fan in series with the lift system fans, and would provide
pressure for higher than the system requires. It also would increase
the air temperature to the main engines on additional 11°F. The
increase of approximately 80 psf in duct system pressure would
require some reinforcement of the existing ducts, and a substantial
duct addition between the lift fan plenum and the existing AMS fan
inlet. These additions were estimated to increase weight by about

16




600 pounds, at the expense of payload, and to have an adverse
(rearward) effect on the location of the center of gravity of the
vehicle. These considerations as well as the cost and elapsed time
required for designs, fabrications and installations turned atten-
tion to other means of increasing AMS pressures. Potential means
included:

l. An improved inlet to the AMS fan.

2. Reddcing the AMS fan airload by supplying oil cooling
air from the 1lift system.

3. Use of a diffuser at the fan exit.
4. Enlarging the entrance to the engine inlet plenum.

An inlet elbow designed to minimize turning losses and provide
a more uniform velocity distribution to the AMS fan face is available
from the fan manufacturer, and was considered. A modified inlet at
the top of the AMS stack was also considered. This would replace
the existing funnel configuration with a rounded bellmouth inlet, in
an attempt to minimize losses in static and, especially, forward
speed operation. A diversity of opinion existed, however, as to the
probable benefit of this rather major change, and that additional
data was needed on the potential for improvement in this area. To
obtain this data, it was decided to test an ideal, though impractical,
inlet to the AMS fan,

From the AMS fan performance characteristics, Figure 5, it
can be shown that if the flow rate is reduced from the designed
level of 32,000 cfm by the amount of the cooling air load (approximately
7,000 cfm) the fan discharge total pressure will rise approximately
4.0" w.g., an amount which would fully offset the increase in resistance
caused by the addition of a third stage of filtration. To replace the
cooling air supply it was noted that for the first alternative the
lift system had ample capacity to provide 32,000 cfm with no significant
effect on the vehicle. It follows that one-fifth that amount can be
diverted for cooling without difficulty. For this it is proposed
that plenum air will be taken from the side deck adjacent to and
immediately outboard from each of the two power plants, Figure 6.
This arrangement devotes the AMS fan to the supply of engine combustion
air only, and reassigns the cooling load to the lift system fans.
This scheme avoids the weight penalties and the higher engine air
inlet temperatures with the corresponding penalty in power loss, and
will require less time. Another positive effect of the 20% reduction
in fan rate of flow will be a reduction of some 40% in system pressure
losses upstream of Filter No. 2.

A high priority was accorded the recovery of a greater portion
of the fan discharge kinetic head, estimated to approach 6.0" w.g.
The test data summarized in Figure 4 indicates that virtually none
of this head is recovered (the AP between Stations 3 and 5 is only
0.2" w.g.) in the present arrangement. To accomplish this, a dif-
fuser was designed for installation in place of the two splitters,

17
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DUCT ARRANGEMENT TO SUPPLY LIFT SYSTEM
AIR FOR MAIN ENGINE COOLING PURPOSES.

OlL COOLERS~
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a. PLAN VIEW.

FlG. 6

SIDE DECK
CoobLING AIR
SUPPLY DUCT

INERTIAL
FILTER
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b. VIEwW- STB ENGINE
LOOKING FORWARD.

LIFT SYSTEM PLENVUM




Figure 1. Because of the relatively short axial distance available,
the concept selected consists of two concentric annular diffusers,
Figure 7, with principal parameters as follows:

Wall Divergence Est.
Diffuser Element Angle, 26 Area Ratio Recovery
Outer Annulus  ind 1.96 59%
Inner Annulus 11° 1.68 53%

It was considered prudent to design the diffuser with both the area
ratios and turning angles in the moderately low range to avoid
separation if possible. The area ratio of the inner annulus was made
less than the outer annulus to avoid a turning angle in excess of
11°. Eight radial splitters were incorporated to minimize the effect
of fan exit whirl on the diffuser performance.

Pressure sensors mounted at four points in each of the two
engine air inlet compartments during the Phase I tests indicated
unsatisfactory distribution and inordinately high turbulence, accom-
panied by excessive pressure losses. To alleviate these conditions
the cross-sectional area of the inlet passage should be increased.
The design layout developed to incorporate the Filter No. 3 showed
that this area could be increased by 78%, from 1.51 sg. ft. to
2.69 sq. ft. The effect of this change would be to reduce the
kinetic head by approximately 78%, which should reduce the 3.8"

w.g inlet loss by 2.6" w.g.

The proposed modifications to the AMS would lead to the
configuration shown in Figure 8.

PREDICTED PERFORMANCE

The performance of a modified AMS, including a third stage
of filtration, a diffuser at the fan exit and an enlarged entrance
to the engine inlet compartment, and eliminating the flow to the
0il coolers, has been predicted. The method and calculations are
presented in Appendix B.

The results of this analysis are shown in Figure 9, where the
predicted performance of the modified system is compared to both
the predicted and the measured performance of the original configur-
ation. It is seen that the modified system is expected to exceed
the original estimate, and should provide positive pressures between
4" and 7" w.g. to the engine inlet, depending on the freshness of
the barrier filter (No. 3).
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IV. CONCLUSIONS

The following conclusions are drawn from the results of the

Phase I tests and analysis.

1.

2.

The original AMS configuration does not maintain positive
pressures at the engine inlet.

The lower than expected pressures result primarily from the
inability of the fan discharge arrangement to recover any signi-
ficant portion of the fan exit dynamic pressure, and from high
pressure losses at the entrance to the engine inlet compartment.

An additional stage of sand filtration is required to provide
adequate engine compressor blade life in zero-visibility sand
and dust environments. This will introduce a further pressure
loss of as much as 4.0" w.qg.

Modifications to incorporate a diffuser at the fan exit, incor-
porate a third stage of filtration, enlarge the entrance to the
engine inlet compartment, and shift the oil cooler air load
from the AMS fan to the lift system are expected to restore
positive pressures and adequate life to the engines, without
degradation of the 1lift system.

Further improvement may be possible by modifications to the
fan inlet ducting.

V. RECOMMENDATIONS

The original AMS should be further tested with an ideal bell-
mouth inlet to the fan in place of the present stack and elbow
and with a diffuser at the fan exit in order to ascertain or
verify the potential for improvement in these areas, before
the modified AMS configuration is finalized.

The finalized configuration should be fabricated, installed
and tested to verify satisfactory performance.
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APPENDIX A

PHASE I TEST DATA

SUMMARY OF AMS TESTS

TEST TEST DATE TEST CONFIGURATION
NO. (1976) A B C D
1 June 8, 9 1 1 1 1
2 10 1 2
3 11 2 1
4 15 3
5 15 1
| v
6 16 v 1 2
VARIABLE CONFIGURATION
A - Fan Inlet Duct 1 Inlet Stack and
Elbow
2 Inlet Bell
B - Fan Blade Angle 1 B = 36° (as
delivered)
2 B = 38%°
3 B = 33°
C - 0il Cooler Louvres 1 Full Open
2 Half Open
D - Vehicle Condition 1 Tethered
2 \Underway
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APPENDIX B

PREDICTION OF AMS PERFORMANCE WITH THE PROPOSED MODIFICATIONS

INTRODUCTION

Four major changes in the LACV-30 Air Management System are
contemplated: incorporation of a diffuser at the fan exit, incor-
poration of a third stage of filtration, enlargment of the entrance
to the engine inlet compartment, and removal of the oil cooler
airload. An estimate has been made of the performance which can
be expected. The method involves the determinations of a pressure
loss coefficient, k, for each component of the system. The
coefficient is defined by:

k = ap/Q"

where AP is the pressure drop across the element under scrutiny,
Q is the volumetric flow rate, and n is an exponent defined by the
mode of flow. In nearly all cases the flow is turbulent and

n = 2.0. One exception occurs with the proposed barrier filter
(Donaldson Duralife II), for which the manufacturer's data indi-
cates that n = 1.4. For all components installed during the test
program the loss coefficient k was determined from test data. For
untested components, estimates were made from design data. The
loss coefficients are identified by a two-digit subscript which

is keyed to the system block diagram in Figure B-l. Flows are in
CFM, pressure .drop in inches, w.g.
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DEVELOPMENT

2 The nine pitostatic measurements made in the inlet
stack ge%ined a coefficient for the inlet. Direct measurements
for the inlet elbow were not provided for, so t%at a loss factor
was developed for a Reynolds number of 1.5 x 10° and a radius ratio
of 0.7 using Reference 1. . The sum of the two inlet coefficients
yields:

Apo_l = -1.~-83 x 10 QF

AP . This is the fan performance capability, and is taken
from manufacturer's data, Figure 6, with corrections for the
installation differences between the manufacturer basis for
quotation and the LACV-30 system.

AP3_g. The losses between these stations is the sum of the
loss in the diffuser and the loss involved due to the abrupt dis-
charge of the flow from the diffuser exit to the receiver. From
diffuser design data from Reference 2, the recovery for the two
concentric parts of the diffuser will be 56% of the inlet kinetic
head, and for the uncontrolled turbulent diffusion downstream a
recovery of 25% of the diffuser discharge head is assumed.
Combining these results in an overall loss equation of:

I
AP3_5 = -0.292 x 1078 g

APg_-. From test data and using one-half of the fan flow rate,
Qp (because the fan flow is divided at this point),gives:

P57 = -1.452 x 1078 [gp/2)?

The flow through the demister, Filter No. 2, Q 5. 18
establZsﬂed by the engines. No direct mass rate measurement was
provided for, but from the power measurement (speed and torque) the
air rate can be deduced from the engine manufacturer's data, Reference
3, With appropriate corrections for engine operating conditions,
the equation becomes:

& -8 . 2
AP9_g = =2.93 x 107° Qg

9 Filter No. 3 is a Donaldson Duralife II Barrier filter
untestga by Bell. From the manufacturer's data it appears that the




flow through these elements is partially laminar, so that the loss
equation is deduced to be:

L -6 1.4
ARy o = ~3.78 2 107" g
APg_109- A loss coefficient was detergined for the existing
engine inget, the area of which is 218 in4. This is applied

directly to the enlarged inlet 387 in“, now planned:

AP = -1.25 x 10~8 QE2

9-10

It is probable that this coefficient is slightly pessimistic.

Applications of Loss Factors

For the rodified system, supplying no cooling air, assume the
the engines are operated at normal power, 1440 HP, and that the
ambient conditions are standard, Pamb = 2116 PSFA

Tamb = 518.7°R

Using the coefficients developed in the preceding section, the
method for predicting the system performance and the end result
follow: To develop the system airflow, first the engine air rates
are determined from References 3 and 4:

Main Engines = Qp = 9,930 cfm (per side)

APU Engine 1/2 Qg 840 cfm (per side)

Total 10,770 cfm
Assuming that the scavenging air rate from Filter No. 1 is the

108 required for effective operation, the flow into both of the
filters No. 1 is:

Q 2 (10,770)/0.9 = 23,930

rF
APy_; = -1.183 x 1077 (23,930)% = 23,930

AP;_5 @ 23,930 cfm = +17.1 (fan data)

AP, g =0.292 x 107% (23,930)2 =-1.67
Qs_7 = 0.5 (23,930) = 11,965

A 1.452 x 108 (11,965)2 = -2.08

o B




Q7-8

AP -2.93 x 10”8 (9,930)% = -2.89

7-8

MPg_g = -3.78 x 107% (9,930) 1% = -1.47

AP = -1.25 x 108 (9,930)2 = -1.23

9-10

AP,, (Eng Inlet) = +7.06

1

= 9,930 (engine air rate)

AR R i
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