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ABSTRACT

A study of the problems involved in designing a high performance
air cycle cabin conditioning system for jet airplanes is discussed. The
performance data used in the study pertain to bomber ajrplanes in present
use. As a result of the study, a high perfermance cooling system has been
selected, based on the specified operating conditions. The system is
a regenerative bootstrap incorporating a split regenerative heat exchanger.

The prediction of the capabilities of the system necessitated the
development of an analytical method for determining the performance
of a heat exchanger when moisture is condensed from the ceoled air.
Such a method is given together with a description of the test program
undertaken to assure the reliability of the analytical method.

PUBLICATION REVIEW

The publication of this report does not constitute approva—l by the Air
Force of the findings or the conclusions contained therein. It is published
only for the exchange and stimulation of ideas.

FOR THE COMMANDER:

. T, SMITH
Colonel, USAF

Chief, Fquipment Laboratory
Directorate of Laboratories
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SYMBOLS

Heat transfer surface, for cooling side, for bleed side - sq ft

- Flow area - sq ft

Heat transfer or diffusion surface - sq ft
Nozzle discharge coefficient - dimensionless
Specific heat at constant pressure - BTU/1b°F
Turbine tip speed - ft/sec

Diameter - feet - ‘ :

Compressor flow factor -'dim_etks_ionl.ess

Acceleration of gravity - ft/sec

Unit weight flow - 1b/hr sq ft ‘

Heat transfer coefficient in general, for cooling side, for bleed
side - BTU/hr sq ft °F -

Effective film coefficient in general, for cooling side, for bleed
side - BTU/hr sq ft OF :

Enthalpy - BTU/Ib - ‘

Condensation rate - lbsHZO/ 1b of fluid flowing

Bleed air inlet humidity to cooling package - gr/lb
Modulus for diffusion - dimensionless

Modulus for heat transfer - dimensionless
Mechanical equivalent of heat - 778 ft Ib/BTU

‘Thermal conductivity - BTU/hr sq ft °F/ft

Diffusivity - sq ft/hr
Diffusion coefficient - mol/hr sq ft atm

Fin length - feet _
Mean molecular weight of vapor and inert gas - 1b/mol

Molecular weight of vapor - 1b/mol

Rotational speed - rpm
Number of mols diffused

Mach number - dimensionless

Nusselt number = 11[?__ - heat transfer modulus - dimensionless
Partial pressures of vapor in general, at point 1, at hoint 2 - atm
Partial pressure of vapor at condensate film - atm

Partial pressure of the gas in the gas body and at the
condensate film - atm :
Log mean pressure difference between Pg and P’ g atm
Prandtl number = fﬁ_‘u'— a fluid properties modulus - dimensionless

Total pressure of system - atm
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SYMBOLS

A o’ Ah Heat transfer surface, for cooling side, for bleed side - sq ft
Af - Flow area - sq ft

As, Heat transfer or diffusion surface - sq ft

C d Nozzle discharge coefficient - dimensionless

Cp - Specific heat at constant pressure - BTU/ 1b°F

¢y Turbine tip speed - ft/sec

D Diameter - feet -

F Compressor flow factor - dimetksmnless

g Acceleration of gravity - ft/sec

G Unit weight flow - Ib/hr sq ft

h, hc, hh Heat transfer coeff1c1ent in general,; for cooling side, for bleed

side - BTU/hr sq ft °F
e Dg he Effective film coefficient in general, for cooling side, for bleed
c h side - BTU/hr sq ft OF
Enthalpy - BTU/1b
Condensation rate - lbsHyO/1b of ﬂuld flowing

Bleed air inlet humidity to cooling package - gr/1b

=of=Jcs
o

o

RS

ig Modulus for diffusion - dimensionless
jh Modulus for heat transfer - dimensionless
Mechanical equivalent of heat ~ 778 ft 1b/BTU
Thermal conductivity - BTU/hr sq ft OF/ft
d Diffusivity - sq ft/hr
kg Diffusion coefficient -~ mol/hr sq ft atm
1 Fin length - feet
Mm Mean molecular weight of vapor and inert gas - Ib/mol
M, Molecular weight of vapor - 1b/mol
N Rotational speed - rpm '
Nd Number of mols diffused
Nm -Mach number - dimensionless
Nu Nusselt number = hD - heat transfer modulus - dimensionless
P, P 1’ 'P2 Partial pressures of vapor in general, at ppint 1, at pointz - atm
P c Partial pressure of vapor at condensate film - atm
P_, P Partial pressure of the gas in the gas body and at the
8 condensate film - atm
ng Log mean pressure difference between Pg and P‘ g atm
Pr Prandtl number = fﬁ_“‘* a fluid properties modulus - dimensionless
Pt Total pressure of system - atm
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Partial pressure of vapor in gas stream - atm
Pressure difference of diffusing vapor between P and P ¢ atm

Heat flow for interval - BTU/hr .

Total heat flow - BTU/hr

Reynolds number - GD/# - dimensionless
Schmidt number »/k /# - dimensionless

Temperature at pts 1 and 2 - OF
Wall surface temperature - OF
Temperature of cooling flow - °F

Temperature difference - O o
Temperature of gas and condensate - " F

- Overall coefficient of heat transfer - BTU/hr sq ft Op

Effective overall coefficient of heat transfer - BTU/hr sq ft OF
Theoretical spouting velocity - ft/sec

Flow rate - in general, bleed, cooling flow - 1b/min

Specific humidity - gr/lb

Condensed moisture - gr/lb

Sprayed moisture - gr/1b

Latent heat of vaporization - BTU/1b

Viscosity - 1b/ft hr

Density - 1b/cu ft

Heat exchanger efiectiveness, dry - dimensionless

Heatl exchanger temperature ratio parameter, wet - dimensionless

Fin thickness - feet
Total surface fin efficiency -~ dimensionless

Finned surface fin efficiency - dimensionless

Flow ratio - dimensionless
Mechanical efficiency - dimensionless

Separator efficiency - dimensionless

Spray efficiency - dimenzionless

Turbine efficiency - dimensionless ,

Blower cfficiency - dimensionless

Pressure ratio, compresgsor, turbine, - dimensionless
Velocity ratio ~ dimensionless
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INTRODUCTION

The object of this report is to conduct an analytical and, where -
necessary, an experimental engineering study of air cycle cooling units,
meeting the following requirements:

(1) High performance capability. _

(2) Weight, bulk, and cooling air drag of the unit to be comparable
to units presently used on bomber type airplanes.

(3) Total engine bleed air flow to be less than that required by the
units presently used on bomber type airplanes. -

The use of cooling units employing means for the removal of ambient
moisture has been advanced as a method of developing a high performance
cooling unit. The removal of moisture from the cabin air circuit will
allow low turbine outlet air temperatures, since there can be no possibility
of ice blocking the turbine discharge duct. Under these conditions cooling
capacity could be increased.

Other benefits from the removal of water include the reduction of fog
dispersing into the cabin from the inlet ducts. In many instances, under
high humidity conditions, fine particles of moisture condense during
expansion of bleed air in the cooling turbine. This vapor passes into the
cabin ac a fine iog, re-evaporating when conditions permit. Another
advantage from the limitation of excess cabin humidity is the reduction
of the danger of fogging of the cockpit windows.

The study that follows reviews some of the fundamentals behind aircraft
air conditioning and compares the various systems that appear to have the
best chance of being successful for the conditions specified. A selection
of the most satisfactory system is made, based on study and test results,
and a performance schedule is determined.

WADC TR 54-389 X




SECTION I
PROBLEMS INVOLVED IN HIGH PERFORMANCE COOLING UNIT DESIGN

The factors entering into the determination of the required refrigeration
loads for a given flight-altitude schedule are as follows:

}1) Conduction and radiation heat transfer from the atmosphere and sun.
2) Generation of heat by

ﬁa; cabin occupants

b) cabin equipment

A typical set of refrigeration requirements as a function of flight-altitude
schedules for a present day bomber are shown in Figure 1.

The net cooling capacity of air is found by its change of heat content or
enthalpy and is equal to

f 24H = w f 2¢_adt = refrigeration capacity (1)
s r P -
where

t = temperature air

Co = specific heat of supply air

w = air weight flow

H = total enthalpy of air
. (Points 1, 2, = conditions at supply inlet and cabin respectively. )

If proper mean values of specific heat are available, equation (1) can
be simplified to:

AH=W§; At (2)

: E; = mean specific heat of air.

where

Equations (1) or (2) can be used to determine required supply air
temperature and air flow for a given refrigeration capacity.

HUMIDITY OPERATION

When moisture, present in the supply air as a vapor, condenses and is
removed before introduction to the cabin, the heat of condensation equal
to the latent heat of evaporation of water, is liberated. This enthalpy
change serves to increase the ""corrected'” temperature of the refrigerated
air. The "corrected"” temperature is defined as the actual air temperature
entering the cabin.

WADC TR 54-389 1
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If, however, the condensed vapor is allowed to re-evaporate in the cabin,
a second enthalpy change equal to the first occurs, thus reducing the
""corrected" air temperature to its original value, called the "'dry
air" rated temperature.

For the case of zero re-evaporation, the '""corrected' temperature,
as a function of "'dry air' temperature and ambient humidity, is given
in Figure 2.

It can be seen that high ambient humidity operations, when large
amounts of moisture are condensed and separated from refrigerated
air, impose severe penalties on air conditioning systems, since the
cooling capacity is reduced by the elimination of the cooling effect
of the separated moisture.. Also, the temperature at the turbine
discharge must be maintained above freezing to prevent ice from
clogging the system. This is usually accomplished by diverting
a portion of the high temperature bleed air directly to the turbine
discharge. Limiting turbine discharge temperatures in this way
obviates the use of more efficient cooling systems which are
capable of discharging air at extremely low temperatures, since
no use can be made of the low temperatures if freezing is to be -
avoided. ,

There are additional features of high humidity operation that
are considered objectionable above and beyond the penalty of
reduced cooling capacity. Entrained moisture enters the cabin as
a fine mist or fog, disappearing as it re-evaporates. In instances
of high cabin humidities, the fog may spread far into the cabin
before disappearing. Also, when a plane that is thoroughly chilled
from high altitude flight suddenly makes a rapid descent, the
relatively high moisture content pregent at the low altitudes
condenses and fogs up the cool cockpit surfaces, sometimes
completely obscuring the canopy and instruments. Danger of such
conditions is great, being especially critical at the low altitudes
when the plane is preparing to land.

A moisture separator, inserted at the discharge from the expansion
turbine can remove enough moisture to preclude excessive fogging.
However, the maximum moisture that can be removed is limited by
the dew point (corresponding to the discharge temperature) and
limitations of moisture separation. For cases of high ambient
humidities, the cabin inlet humidity may still be high enough to cause
some fogging but to a lesser extenf than previously noted. The means
of limiting turbine discharge temperatures to temperatures greater
than freezing usually required the use of an anti-icing by-pass valve
and controls. The by-pasgs valve controls the amount of high
temperature bleed air that is throttled directly to the turbine
discharge. :

WADC TR 54-389 3
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MOISTURE REMOVAL METHODS

The known methods of moisture separation have been reviewed thoroughly
in the literature. A list of the important types that might be applicable
are given below. . .

(1) Adsorption drying

ga) liquid | .
b) solid

§2) Compression drying
3) Refrlgerztmn drymg

(1) Adsorption drying.

~ There are a considerable number of liquids and solids known to adsorb
water effectively. The metal hydrides and acetylides 1/, such as calcium
hydride and calcium carbide react very well with moisture. However, poor
regeneration eliminates this group from consideration. The metal salts ,
and oxides, such as calcium chloride and calcium oxide are likewise dis-
carded for poor regeneration qualities. . , ‘

The use of sulfuric acid and the polyhydric alcohols is questlonable since
gravitational flow of these fluids cannot be relied upon. Therefore, the
pumping problems for these fluids become too complex to warrant con-
sideration for their use. The use of liquid adsorbents also introduce the
problem of carryover with the air stream.

The remaining solid adsorbents 1/, such as silica-gel, activated
aluminum oxide and anhydrous calcmm sulfate, possess fair adsorbing .
qualities. Silica-gel is examined further since it offers the best adsorbing
qualities of the foregoing materials. There are, however, several problems
involved by the use of silica-gel which are described as follows

- (a) During the adsorbing action, heat is hberated in an amount equal to
the latent heat of condensation plus the heat of wetting. The generated heat
increases the temperature of the bed and the dehumidified air considerably.
Provision must be made for an additional heat exchanger to remove this
heat for satisfactory refrigeration.

(b) The flow resistance across the silica-gel bed is considerable when
considering reasonable bed dimensions. The additional pressure drop,
resulting from this, reduces the overall cooling capacity of the air cycle unit.

(c) Silica-gel cannot adsorb moisture indefinitely but must be regenerated
frequently to reactivate the material. This operation may be performed by
exposing it to hot air, during which process the ''bed" increases in temperature
and dries out. The power required to provide the necessary hot air is a
function of dimensions of the bed and face velocity of the hot air. For

1/ Reference 9
WADC TR 54-389 5
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reasonable bed sizes, the power expended may be considerabie

(d) Provision must be made for at least two dehumidifiers, associated
ducting, suitable inlet and exit controls for both regeneration and dehumidifying
air, to permit continuous operation. The mechanical and control problems
involved must also be considered.

(e) The regenerative hot air may be obtained from the air discharging
from the blower heat exchanger of an air cycle cooling unit. The amount
of air available for this purpose is a function of the turbine and blower
characteristics, and the pressure drops of the heat exchanger and the
dehumidifier. Any limitatien of weight flow due to the increased flow
resistance of the dehumidifier subtracts from the perfoi mance of the cooling
unit. \

~ (f) Immediately following regeneration, the bed temperature may be
considerably higher than the temperature of the moist air at the dehumidifier
inlet. To prevent any reheating of the moist air, an auxiliary heat
exchanger is necessary te cool the bed.

(g) There are limitations of the linear air velocities across the bed
that may be tolerated before abrasion problems occur. For the maximum
humidity encountered, face velocities across the bed increase, introducing
possible mechanical and sbrasion preblems.

() The presence of oil vapors in the moist air offer the distinct
possibility of carbonizing the silica-gel during regeneration. This is
especially critical at high temperatures of regeneration.

‘(i) The total weight of the unit including all beds, ducts, controls,

possible mechanical drives, and auxiliary heat exchangers, is considerable.

(j) While sihca-gel may be used for long intervals of time, replacement
of the gel is required at indefinite periods. Inclusion of entrained meisture
at the inlet to the bed promotes breaking up of the silica-gel particles and
hastens eventual replacement.

Based on the foregoing discussicns, the use of silica-gel has been
rejected from any further consideration.

(2) -Compression Drying
For a given moisture content, the saturation temperature increases as
pressure is increased. Specifically, a greater amount of moisture can be

removed from air at a given temperature by increasing its pressure. For
example consider the following hypothetical preblem:

WADC TR 54-389 6




Air at 29.92"Hga abs and a specific humidity of 110 gr/1b is

at a 90°F dry bulb temperature. The relative humidity is -
52%. Air at 60°F dry bulb temperature and the same pressure
is saturated at a specific humidity of 77 gr/lb. Therefore,
cooling the air containing 110 gr/lb from 90°F to 60°CF at
29.92"Hg abs will condense 33 gr/1b (110-77). Air compressed
to 150'"Hg abs and then cooled to 600F dry bulb temperature is
saturated at 15 gr/Ib condensing 95 gr/1b (110-15). Thus it
can be seen that nearly a threefold advantage in condensing
potential can be obtained for a fivefold increase in pressure.

However the relative advantage of compression drying
decreases as the final temperature decreases. Under the
conditions cited, cooling to 33°F would show an advantage
of only 27% for compression drying.

The above example illustrates the principle behind compression drying.
Practically speaking, when air is compressed it is usually done under
conditions where the temperature of the air also increases. This temper-
ature rise is so large as to reduce or even prevent condensation despite
the increase of pressure. Obviously isothermal compression is desired..
Cooling the high pressure air with -ambient cooling air offers one means
of approaching this. This type of cooling is limited in aircraft application.
For, with high aircraft speeds, the cooling air temperatures are much
greater than ambient temperatures.

The increase in cooling air temperature over ambient temperature
due to airplane speed, known as ram temperature rise, is-given in the
following equation:

2
where V = true air speed - fps :

Despite the above limitation, the possibilities of compression drying
cannot be ignored when selecting a moisture removal system. Air cycle
cooling systems lend themselves to this operation, since high pressure
air is available in the cycle. : ‘

(3) Refrig.eration Drying
It is well known that cooling humid air condenses its moisture content,

once the saturation temperature is passed. _
The specific humidity of air is given by the Carrier equation:

_ (4354) P
e
" Ts
where W = specific humidity - gr/Ib dry air
P partial pressure of vapor in air - '""Hg abs
total pressure of air vapor mixture - ""Hg abs

PS
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The specific humidity corresponding to saturated conditions
can be found by using the above equation. "For any temperature,
the equilibrium vapor pressures P can be found 1/. When the air

temperature falls, this vapor pressure reduces rapidly and
moisture in excess of saturation condenses. For example,
consider the following problem:

Air at 29.92"Hg abs and a specific humidity of 110 gr/1b
is'at a 90OF dry bulb temperature. The relative humidity
ig 52%. If the air is cooled to 40°F at constant pressure,
the air becomes saturated with 37 gr/lb. Therefore
110-37 = 73 gr/1b condenses from the air vapor mixture.
Obviously a limitation to this method of moisture removal
occurs when there is freezing of the condensed moisture
and standard moisture separator equipment fails.

Figure 3 shows saturation lines as a function of dry bulb
temperature for various pressures. Inspection of Figure 3

-indicates that air at a given dry bulb temperature is capable

of containing a decreased amount of water as the pressure is
increased.

It is apparent that by combining the desirable attributes
of the moisture removal principles of compression and refrigeration
drying, an excellent moisture removal system is possible.

HEAT EXCHANGER PROBLEMS

' In order to estimate the cooling system performance, it is
necessary that the performance of the individual components be
known. The regenerative heat exchanger, used in a high
performance cooling system, is operating under conditions that
are unlike the conditions encountered in the more conventional
cooling systems. The major difference is that moisture condenses
from the hot air side while the cooling air side may be either
nearly dry or have moisture evaporating in the air stream.

1./ Reference 8

'WADC TR 54-389 8
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For "'dry" air to air systems, heat exchanger performance
-may be conveniently expressed in terms of an effectiveness,
1/ 2/ 3/ defined here as:

n _‘hin - 'h out
X Yin " tein

where the subscripts h, ¢, in, out, refer to the hot fluid and
cooling fluid into and leaving the heat exchanger, respectively.
The effectiveness of a dry heat exchanger is a function of the
size of the exchanger, the type of heat transfer surface, and
the flow rates of the hot and cooling air streams.

When a wet heat exchanger (one in which condensation occurs)
is considered, the problem of predicting performance is
complicated because performance is also dependent upon the
condensation rate. The condensation rate in turn, is a function
of inlet humidity, temperature, pressure, and flow rate. Data
available in the literature are not readily applicable to the
solution of this problem, since much of the work done previously
is concerned with operation at pressures and temperatures well
below those encountered in jet airplane air conditioning systems.

. Analytical methods are developed to calculate ""wet'' heat
exchanger performance conveniently expressed as a temperature
difference parameter defined as:

th in - th out
3

‘hin ° Ycin
where the subscripts are the same as above.

ﬁ wet

The analytical methods used to calculate the temperature
difference parameter of the ""wet'' heat exchanger, as well as
the tests that were required to substantiate such methods, are
described in detail in the appendices of this report. '

1/ Another method in general use for expressing effectiveness
involves multiplying the above equation for; effectiveness by
the ratio of the hot fluid capacity rate [(Flow) x (Specific Heat)]
and the minimum capacity rate. Both effectiveness terms are
identical only for capacity ratios £ 1. It is the practice of
the writer to employ the simpler of the two methods,
illustrated in the text above.

"2/ Reference 6, page 10.

3/ For the range of temperatures and pressures involved,
effectiveness is independent of the other properties of air.
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METHODS FOR INCREASING COOLING SYSTEM CAPACITY

In the desire to develop high performance cooling systems,
some of the thermodynamic aspects of current air cycle systems
must be considered. For a given air cycle system: B

(1) The cooling capacity for unit air flow is a direct function
of the overall pressure ratio of the cycle. The greater
the pressure ratio, the greater the cooling performance.

(2) The cooling capacity is little affected by an increase in
the number of air to air heat exchangers above some maximum
figure since a value of overall heat exchanger effectiveness
is reached which cannot be exceeded.

(3) No matter where (in the cycle) the condensation of the
ambient humidity occurs, the heat liberated by such
condensation is practically constant. . -

(4) Higher component efficiencies could improve package
cooling capacity under dry conditions. However component
improvement would NOT result in a corresponding
increase in cooling capacity where an appreciable
amount of humidity exists. For present systems under
humid conditions it is necessary to hold turbine dis-
charge temperatures above the freezing point in order to
remove moisture.

Use of more efficient components would require a larger
proportion of high temperature air to maintain above
freezing discharge temperature. Hence, component
improvements would not result in lower package outlet
temperatures. An exception to this would be a system
where moisture removal is independent of turbine
discharge temperature.

Investigation of operation of air cycle systems reveals that the
periormance of a cooling package reduces when encountering high
ambient humidity. One reason for this is illustrated in item (3).
above. All of the ambient vapor that is condensed after expansion
in the air turbine cannot re-evaporate, since a portion of the
condensate is removed by a moisture separator. If, however,
the condensed moisture is allowed to cool other portions of the .
cycle, some regain of the lost cooling capacity is possible. The
evaporation of condensed water is particularly effective when
applied as a water spray into the cooling air stream of a heat
exchanger. Forthis case re-evaporation, both at the inlet to the
heat exchanger and along the fluid path in the heat exchanger,
serves to reduce the cooling air temperature, increasing the
rate of heat transfer.
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Another reason for reduced cooling capacity is the operation
of the anti-icing by-pass, which prevents freezing at the turbine
discharge and consequently reduces cooling capacity. One means
of eliminating this is to design for maximum condensation upstream
from the turbine. Turbine discharge temperatures can now become
as low as possible with the overall pressure ratio, making un-
necessary the use of the anti-icing by-pass. One method for
accomplishing this is as follows: ;

A supplementary heat exchanger, known as a split regenerator,
can be incorporated in the cooling package located immediately
upstream of the cooling turbine inlet. This split regenerator,
utilizing a portion of the cold air from the cooling turbine dis-
charge as its coolant flow, will effectively cool the cabin flow
to insure that sufficient condensation and separation of moisture
occurs upstream from the turbine. Relatively dry air expands
through the turbine and leaves at very low temperatures, limited
only by the turbine pressure ratio and efficiency. However,

‘only a portion of this very cold air is now available for cooling

the cabin, since some of the flow has been diverted back through
the split regenerator. The cabin inlet temperature must be low
enough to maintain at least the same cooling capacity as a unit
in which all of the turbine discharge goes to the c¢abin, and with
a lower total bleed air flow, if any advantage is to be realized
from the system.

The advantage of the split regenerator over a simple regenerator
is that the use of a split regenerator permits the spraying of
condensed moisture back into the cooling air stream. For an
ordinary regenerator such spraying is impossible since the cooling
air enters the regenerator at temperatures below freezing. By
dividing the regenerator into twin series exchangers, whereby the
cooling air essentially goes through two passes, the operation of
a water injection system is possible. The condensed moisture
can be sprayed into the regenerator cooling air before the second
pass.after the cooling air has been sufficiently heated in the first
pass. . :

The use of a split regenerator i8 undesirable from the view-
point of weight and volume considerations, since the incorporation
to an existing cooling package represents an increase in weight
and size. However, credit should be taken when using a regen-
erative heat exchanger by an amount equal to the reduction in
turbine exit duct size.
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Another configuration, employing but a single pass regenerative
heat exchanger, would represent some weight saving over split
regenerator operation. Air leaving the cooled compartment at
compartment equilibrium temperatures is used as regenerative
cooling air for a single regenerator. A water spray system would
be particularly effective since compartment temperatures are of
the order of 70-80°F, and there is no danger of freezing. This
configuration is attractive for a number of reasons:

(1) Compartment air; containing a considerable amount of

cooling capacity that is normally dumped overboard,
would be utilized. -

(2) A single regenerator rather than a heavier split type:
- can be used in conjunction with a moisture spray system.

(3) The regenerative heat exchanger, using cabin exhaust
air for cooling air, operates at a flow ratio (cooling
air flow: cabin air flow) of approximately 1:1. The
split regenerator operates at a flow ratio less than
1, probably on the order of 0.5 - 0.6:1.

There are disadvantages in cabin exhaust cooling:

(1) At sea level flight the compartment must be maintained
at pressure greater than atmospheric, so that flow can
be directed through the regenerator. This positive
pressure differential is estimated to be 2 in. Hg for
design flow rates.

(‘2) Ground cooling would be questionable if accessibility to
the compartment is desired.

(3) At some conditions (high altitude, low speed) the cabin
temperature could be higher than the ram temperature.
Unless the cabin exhaust air by-passes the regenerator
under these conditions,  the temperature of the turbine
inlet air would be increased. Providing a by-pass
control is, in itself, a disadvantage because of the
increased weight and complexity.

(4) There is a considerable delay in attaining design cabin
temperatures since there is a thermal lag due to the use
of cabin air in the cooling cycle.

The use of single or split regenerators and moisture spray
systems reduces the required bleed flow for a given cooling capacity
under conditions of high ambient humidity. This economy of operation
is maintained throughout a complete range of ambient humidities at
the expense of the extra weight-of the regenerators and spray systems.
When the ambient humidity is low, the economy of operation still
exists but in a limited system operating range. This is because
any decrease of turbine inlet temperatures resulting from precooling
at the regenerator is partly balanced by the reduction of available
flow for cabin cooling and the reduced temperature drop across the
turbine due to pressure losses in the regenerator.
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SECTION II

COOLING SYSTEM CONTROLS

The problem of controlling cabin air conditioning and
pressurization systems consists of two distinct parts:
cabin pressure controls, and air conditioning package controls.

The first part, cabin pressure controls, is independent of
the cooling system. It consists of the cabin pressure regulatmg
valve and safety valves.

The second pa‘rt, to be discussed here, is the air conditioning
system controls. These controls may be performed wholly by
conventional separate control devices, or in part by internal
control methods. Internal control methods are defined as the
suitable variation of the flow areas of the stationary parts of the
turbo machinery components.

The controls for a high performance cooling system, whether
"internal and/or separate', should perform the following functions:
(1) Control cabin temperature. A
(2) Control cabin humidity.
(3) Control cabin air flow.

(4) Protect system from danger of 1mproper operation or
damage due to icing.

(5) Protect unit from excessive speed.
(6) Protect jet engines from excessive bleed and the cabin
from excessive air flow.

A brief discussion of the control of regenerative cooling systems
by means of separate control devices follows in the order listed
above. Following this, the various types of internal control methods
and the specific apphcatlon of such methods to typical systems and
their related problems will be examined.

SEPARATE CONTROLS
(1) Cabir Temperature Control.

The primary purpose of the air conditioning unit is to maintain
cabin pressure and temperature. The control of temperature Qy
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separate control compohents is usually made by modulating the
unit discharge temperatures to satisfy cabin requirements.

The by-passing of bleed air around ihe turbine, or the entire
cooling package, and mixing it with turbine exhaust is one method
in common use. In a regenerative system, the by-passing of air
from points upstream of the unit will supply to the cabin humid
air 1/. To minimize the amount of water introduced with‘by-pass
air, the use of a small amount of the hottest available air is
advantageous, which is in line with the method used with some
conventional units.

(2) Cabin Humidity Control.

Conventional cooling systems do not provide for humidity control
but supply the cabin with air of the same specific humidity as in
the surrounding atmosphere. In the event a water separator is
used downstream of the package the moisture supplied to the
cabin is decreased. However, control to a specific value of
cabin humidity is not attempted.

Similarly, with a high capacity cooling system, the only humxdlty
control device required is one limiting the maximum humidity
entering the cabin to a value lower than that obtained by con-
ventional cooling systems.

(3) Cabin Flow Control.

Normally, pressure inthe cabin is maintained by a cabin
pressure regulator. Operation is based on the assumption that
more air than necessary to cover leakage is supplied to the cabin
and the excess is dumped out by the cabin pressure regulator.

However, if the amount of air supplied to the cabin is less
than the cabin leakage at required cabin pressure, the cabin pressure
regulating valve will be closed and cabin pressure will balance at
some equilibrium pressure, which will be between supply and
ambient pressure, resulting in lower than cabin pressure schedule
requirements.

The air conditioning unit, aside from cooling requirements,
must supply at least enough air to cover leakage. In the cases
where leaks are smaller than the required ventilation flow, the
minimum required flow is dictated by ventilation requirements.

1/ This will depend upon ambient humidity.
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Ventilation is defined here as the minimum amount of fresh air
required by cabin occupants. Usually no special controls are
required to assure sufficient air flow.

Cooling packages in use at the present time incorporate
certain types of separate flow control devices, either 1ndiv1dually

or in combmatlon ’

In a fixed turbine nozzle area cooling umt control of cabin
flow is possible by the use of a throttle valve. Throttling to
conserve bleed air flow at low altitudes reduces cooling capacity
of the unit. The limitations of such throttling control occur
when cooling requirements cannot be met.

Another method of separate flow control in use consists of
the combination of a primary and a secondary flow control valve.
The primary flow control valve incorporates a venturi and a
throttle valve. The throttle valve actuation comes from the

. sensing of the pressure difference between the inlet and the -

throat of the venturi. When a constant pressure difference is
maintained, the throttle valve position will be such that the maximum

- package weight flow will be proportional to the square root of the

inlet density. Inspection of the curve below indicates that there
is some altitude where the nozzles become the controlling factor,
since the flow capability of the nozzles is less than that of the
flow control valve.

Flow through fixed
‘ turbine nozzles

-Flow through
‘constant A P
control valve

package flow with secondary
control valve

Weight Flow

} Possible increase in

Altitude

If the flow required by the cabin exceeds the flow that can
be maintained by the nozzles (above the altitude where the nozzles
control the flow), a secondary flow valve can be used which by-
passes the turbine and permits a flow as dictated by the primary
flow control.
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(4) Anti-icing Control.

In conventional systems which use no water separator,
protection against icing is not required. During varied conditions
of operation the ice which is deposited in the turbine exit duct
melts later and does not impair safety of the unit. Icing,
however, reduces capacity by building up turbine back pressure.
As far as the cabin is concerned, particles of ice are blown into
it and melt. Also, with increased temperature, slugs of water
and wet ice are blown into the cabin from the ducts. In the case
of a water separator which may be damaged when icing occurs
(for example, collapse of the filtering section due to excess
pressure drop), anti-icing controls are used to maintain the
temperature upstream of the separator above freezing. The
anti-icing valve usually by-passes warm air from the turbine
or package inlet to the turbine exhaust, providing A mixed air
temperature of about 350F. - '

Instead of an anti-icing valve, a screen at the turbine exit
can be used which will maintain a temperature of 32°F or the
dew point temperature, whichever is lower. The self-controlling
action of the screen is a result of the plugging of air passages
with ice and increasing turbine back pressure until equilibrium
is reached. For example, if the dew point of the air is higher
than 320F, ice forms on the screen and increases the turbine
back pressure until the turbine exit temperature is greater than
320F, at which time no more ice is formed. For dew points
lower than 32™'F, the ice builds up turbine back pressure, thus
increasing the turbine exit temperature to the dew point
temperature where no more ice formation takes place.

In a high performance cooling system, as considered in
this report, icing downstream of the turbine is negligible due
to the low humidity of the turbine inlet air. However, upstream
from the turbine freezing may occur in the regenerator. .

Although complete icing of the regenerator may similarly be
prevented by the self controlling action, as discussed above,
additional protection against icing in the regenerator is provided.
It is accomplished by modulating the regenerative air flow to
maintain the temperature of regenerator walls in the coldest
place at above 320F.

(5) Speed Control.

Air cycle machines operate at a speed resulting from a
balance between turbine and compressor power. Experience has
shown that for satisfactory design of fixed nozzle area air cycle
machines, the speed variation with altitude and engine setting
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is generally confined to a limited area; and no provision for speed
control is required.

(6) Flow Limiting.

A sonic venturi is commonly used to protect the jet engine
compressor from bleeding excessive amounts of air and also
to prevent the supplying of excessive amount of air to the cabin
when, for example, the temperature by-pass valve is wide open.

INTERNAL CONTROLS

Before proceeding with the discussion of internal controls,
a brief description of internal controls is desirable. Described

“hereafter -are:

(1) Variable diffuser vanes
(2) Prewhirl guide vanes
(3) Variable nozzle area

(1) Variable Diffuser Vanes.

There exists a means of governing or controlling the operaticn
of a biower by employing movable diffuser vanes. The diffuser
vanes are moved to vary the inlet angle and the area. Generally
all vanes are pivoted and move together. -

The effect of variable diffuser control on the performance of
a typical blower can be illustrated by the figure helow.

Pressure Ratio

— Diffuser Vanes Wide Open
———— Diffuser Vanes 1/2 Open

' Flow Factor
Operating Characteristics of Blower with
Variable Diffuser Vanes
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From the figure it can be observed that the surge point is
moved toward the left (region of lower flow) as the diffuser vanes
are closed; hence a particular application for this type of control
is to extend the satisfactory performance of a blower into regions
of low flow.

(2) Prewhirl Guide Vanes.

Another means of controlling the operation of a blower involves
the use of prewhirl guide vanes. For this case, movable impeller
inlet guide vanes are employed to prerotate the air as it enters the
impeller. Such prewhirl may be in the direction of or opposite to
the rotation of the impeller. For this particular application
prewhirl in the direction of rotation is desired. It is depicted in
the figure below.

%——Induéer
\' Vr,
| u ' \ g

Guide Vane

No Prewhirl With Prewhirl

As can be seen from the above figure, a reduced relative
velocity, Vr2, is obtained without reducing the axial velocity,.
Va, by prerotation at the impeller inlet. The air is given a
whirl component of velocity in the direction of rotation, and a
new velocity triangle is shown above. Since prewhirl in the direction
of rotation reduces the change of angular momentum through the
impeller, work capacity reduces. The reduction in the relative
air velocity corresponds to a comparable decrease in impeller
blade inlet Mach No., which is generally a desirable feature
toward the improvement of blower operation. = Compressor
delivery pressure reduces slightly, due to the increased pressure
drop occuring at the inlet guide vanes. The effect of vane
position on a typical blower operatmg at constant mean impeller
%Vlach No. and inlet condltlons is illustrated in the following
igure.
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Surge Pts

105°_<-—--Vane Angle

Pressure Ratio

Flow Factor

Operating Characteristics of Blower with
Prewhirl Guide Vanes at Constant Inlet
Mach Number.

Notice that satisfactory compressor performance is extended
into the region of lower flow by a reduction of the vane angle.

(3) Variable Nozzle Area.

The flow through the turbine is directly proportional to the
available turbine nozzle area. In many instances the effect of
bleed air, ram air, and cooling load schedules result in greater
bleed turbine flow than is necessary. A method to conserve
bleed flow has been devised whereby the turbine nozzles are moved
to vary the area and inlet angle. In this way economy of operation
is assured since only the flow that is required is used. It should
be remembered that there are specific limitations as to the
maximum nozzle area range permitted. In some cases, if
nozzles have to be almost closed, efficiency of the turbine
is reduced considerably. This fact is illustrated in the figure
on page 22, where the efliciency of a typical variable area turbine
is shown for a constant pressure ratio.

In general, the use of variable area turbine nozzles has proven

attractive when a cooling packageé must operate under conditions
when the airplane refrigeration requirements are relatively constant
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over a wide altitude range. The air flow required at the high-
altitude (where the bleed pressure is low) generally dictates

the selection of a nozzle area, which, when fixed, permits ex-
cess flow at low altitudes (where bleed pressures are usually
high). To conserve bleed flow at the low altitudes, the fixed
nozzle unit could include a throttling valve. The limitation of
throttling control occurs when a large degree of throttling re-
duces the unit cooling capacity to such an extent as to make it
impossible to satisfy the cooling requirement with an economical
bleed air flow. ,

In contrast the use of a variable area nozzle would reduce the
flow at low altitudes without reducing the available turbine inlet
pressure. The economy gained is large when the range of '
nozzle area to be covered is moderate (up to 7:1 approximately).
The use of variable nozzle area control is limited by the re-
duction of turbine efficiency resulting from large area vari-
ations. When the reduced performance approaches that of a
separate throttle valve control, the added complexity of variable -
nozzle area control is not justified.

There is a further problem imposed by a variable area
turbine on a simple cooling system. At low altitudes when the
bleed pressure increases, it is usual for the ram pressure to
increase also, increasing the blower inlet density. Turbine
power has increased because of increased pressure ratio, but
the turbine air flow has remained at a relatively constant value
because of the variable area nozzles. Since there is no such
flow restriction on the blower, the usual effect on a centrifugal
blower is to overload the turbine to a reduced speed.

Slowing down of the unit has a marked effect on the turbine
and system performance, since the decreased value of velocity
ratio (turbine tip speed divided by theoretical spouting velocity)
results in a decreased turbine efficiency. The effect of reduc-
ing both nozzle area and speed on the turbine efficiency is such
as to make for poor unit performance outside of a rather limited
range of operating conditions. '

Variable nozzle area turbines employed in bootstrap units

" may introduce other control problems. There has been ex-
perienced great difficulty in keeping even a fixed turbine nozzle
area bootstrap unit from having the blower operate at very low
flow coefficients. When variable turbine nozzle area is intro-
duced, this difficulty is increased, and blower surge character-
istics must be considered. At low altitudes the bleed pressure
increases. For relatively constant cooling load requirements,
the weight flow increases but at a much slower rate. This
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results in the blower operating at low flow factors and high
pressure ratios. Inspection of blower performance curves
reveals the blower may surge 1/. To correct this problem of

, surging, internal control of the blower by any of the methods
previously discussed is indicated. This naturally increases

the complexity of the variable nozzle.area bootstrap system.
Before specifying this control, the economy of bleed flow gained
should be weighed against the increased complication of the cool -
ing unit.

Nozzles Wide Open
———~ Nozzles 3/4 Open
—-—= Nozzles 1/2 Open

Turbine Efficiency

Velocity Ratio
Variable Area Turbine Performance

1/ This will be a function of individual blower characteristics.
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SECTION III
DISCUSSION OF HIGH PERFORMANCE COOLING SYSTEMS

A study of several air cycleé air conditioning systems was
undertaken to determine the possibility of satisfying the follow-
ing conditions:

(1) Air entering the cabin should contain as little moisture as
possible and for the conditions of this problem a maximum
amount of 50 gr/1b dry air has been specified. Even under

these conditions of reduced inlet humidity there will probably

pe some mist introduced into the cabin and on occasion fogging
of the cockpit surfaces but to a lesser extent than previously
noted (Section I, Humidity Operation). There are several reasons
for specifying the maximum moisture content of the air entering
the cabin as 50 gr/lb dry air. A maximum figure less than 50
gr/1b would require lower temperatures at the water separator.
If a maximum fi gure is selected so that the air would have to be
cooled below 32" F at the water separator inlet, the danger of
freezing and subsequent blocking of the water separator would
exist. Tests conducted as a part of this study indicate that air
containing only 50 grains of water per pound of dry air is not
likely to cause the turbine discharge duct to become blocked with
ice. It is recognized, however, that complete tests on duct icing,
as well as on wet heat exchanger performance, constitute, in ‘
themselves, adequate material for a very exhaustive study. The
tests conducted under this study were intended to permit the
selection of a high performance cooling system, and the results
are, to this extent, adequate to permit tolerating the 50 gr/1b
dry air, without fear of performance penalty, at very low turbine
exit temperatures

(2) The total bleed air flow must not exceed the bleed flow required
by current typical cooling systems of the same cooling capacity.
This condition is imposed because the disadvantages inherent in
bleeding larger amounts of air contradict the definition of a high
performance system.

(3) The unit selected shall not have excessive bulk, weight and
cooling air drag. No specific limitations can be arbitrarily set
for any of these characteristics since such limitations are by far
dependent upon the type of aircraft employed.

The following systems have been considered as having the best
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chance of meeting the conditions described on the previous page.
In all cases, provision has been made for spraying the condensed
moisture into the cooling air stream of the appropriate heat ex-

changer:
(1) Simple regenerative with split regenerator.
(2) Simple regenerative with cabin exhaust cooling.
(3) Bootstrap regenerative with split regenerator.
(4) Bootstrap regenerative with cabin exhaust cooling.
(5) Dual cycle regenerative.
The first system considered is a s1mp1e regeneratlve system
shown in a schematic form in Figure 4. The cycle is as follows:

engine compressor bleed air enters the first heat exchanger (ram
operated). The bleed air then passes through the second heat

exchanger (blower operated). The bleed air then passes through

the split regenerative heat exchanger. Cooling air for the re-
generative heat exchanger consists of a portion of the turbine
discharge air. The bleed air at the regenerative heat exchanger

-exit should be cooled to a temperature low enough to condense

most of the ambient humidity so that all but 50 gr/1b dry air
maximum remains in the air stream. The water removed is
sprayed into the cooling air of the second pass of the split re-
generative heat exchanger where, in evaporating, it reduces

the effective temperature of the cooling air. The bleed air then
expands through the turbine and enters the cabin, with a part of
the turbine discharge air going to the regenerative heat exchanger
as cooling air. The moisture.content of the turbine d1scharge air
must be low enough (50 gr/1b maximum) so that very little ice
can be expected. Control to insure adequate moisture removal
can be accomplished by placing a valve in the regenerative heat
exchanger cooling air line, to maintain the turbine inlet tempera-
ture at some prescribed value by regulating the amount of coohng
air going through the regenerative heat exchanger.

The second system considered, a modification of the first,
provides for using cabin exhaust air as cooling air in the re-
generative heat exchanger. A schematic of this system is
shown in Figure 5. The split regenerator is not required since
the compartment exit air is above freezing temperatures, and
moisture may be sprayed directly into the cooling air. In this
system, compartment air is bled through the regenerator and
then ducted overboard.

WADC TR -54 389 - 24

e T |




The third system to be analyzed is the bootstrap regenerative
system with split regenerator. A schematic of this system is
given in Figure 6. Engine compressor bleed air enters the first
heat exchanger (ram operated). The cooled bleed air is com-
pressed by the air turbine driven compressor and passes through
a second ram heat exchanger. After most of the heat of compression
is removed, the bleed air enters the split regenerator. Cooling air
for the split regenerator consists of a portion of the turbine dis-
charge air which is ducted overboard after two passes through the
split regenerator. The bleed air must be cooled to a temperature
low enough to condense most of the ambient humidity so that all
but 50 gr/lb dry air maximum remains in the air stream. The
water removed is sprayed into the cooling air at the beginning
of its second pass. It is expected that icing at the turbine dlscharge
will not present a problem since the moisture content will be low.
A valve in the regenerator cooling air line insures adequate water
removal by controlling the regenerative heat exchanger outlet
temperature to a desired value.

The fourth system, the bootstrap regenerative with cabin ex-
haust cooling, is a modification of the third and is shown in schem-
atic form in Figure 7. This system utilizes compartment air for
regenerative cooling flow in the same manner as the simple re-
generative system with cabin exhaust cooling. ‘The discussion
‘relating to this type of regenerative cooling as presented for the
simple system is also applicable to the bootstrap regenerative
system.

A fifth system under consideration is a dual air cycle regenera-
tive system. The system is shown in schematic form cn Figure 8.
In this system, one of the air cycle machines supplies cooling air
for the regenerative heat exchanger. An advantage for this system
is the fact that the regenerator flow ratio (cnoling air flow: bleed
air flow) can be more than 1:1, instead of about 0. 5:1, as in the
split regenerative systems mentioned, resulting in an appreciably
higher value of regenerative heat exchanger performance. Also,
the turbine discharge that cools the bleed air in the second heat
exchanger could be colder than the cabin temperature in those
systems using cabin exhaust cooling. However, the weight and
space required could constitute a serious disadvantage. For
conditions where the moisture content of the air is very low, the
discharge of both turbines could be put into the cabin.

While the finned surfaces of the regenerative heat exchanger
in the systems considered are in themselves excellent separators
of condensed moisture, there is still a question whether the amount
of condensate handled can be adequately removed. Therefore a
water separator should be specified for these applications only when
necessary as is indicated in Figures (4-8).
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Reasonable ranges of performance data for the componenté
have been assumed. These performance data include the follow-
ing:

Blower heat exchanger effectiveness. .19
Ram heat exchanger effectiveness. .85
Turbine efficiency. ‘ .75 to .80
Compressor efficiency. .70 to .75

Engine pleed and cooling air conditions per Figures 31, 32, 33.

On the basis of the above performance data, and the prescribed
operating conditions it is possible to make a preliminary determina-
tion of the suitability of the systems described for use as high
performance cooling systems.

The possibility of satisfying the requirement for a maximum of
50 gr/1b of moisture discharged into the compartment must be
determined. For this condition the required performances of the
moisture separator and the regenerator were calculated. These
calculations merely indicate the required regenerator effectiveness
for a range of separator efficiencies to limit the moisture content
of the cabin air to 50 gr/lb maximum.

While this does not necessarily imply that such performances
are possible, these calculations do indicate the relative merits
of the system under consideration when operated under conditions
of high humidity. Should the values of required effectiveness
prove unattainable for the range of possible separator efficiencies,
the system can be discarded as being contrary to the limitations
imposed. Figure 9 illustrates the range of required regenerator
effectiveness values for various values of moisture separator
efficiencies for sea level operation at flight Condition A. In-
spection reveals that the bootstrap regenerative and the simple
regenerative systems with split regenerator, in the order listed,
have the best chance for sucessful operation at the given bleed
conditions. The remaining systems investigated require effective-
ness values that appear to be unattainable under condensing
operations despite the fact that each of them operates with flow
ratios of at least 1:1. Therefore, because of inadequate moisture
removal ability, the dual cycle regenerative and the simple and
bootstrap regenerative systems with cabin exhaust cooling are
rejected. - It should be noted that the reason for the unsuitability
of cabin exhaust cooling is that the cabin exhaust temperature of
80C F is too high. The dual cycle system is eliminated because
the exit temperature of the turbine that supplies cooling air is
very high with the large amount of moisture that condenses in the
turbine.
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Since the most effective systems are either the simple regenera-
tive or bootstrap regenerative together with a split regenerative
heat exchanger, a comparison of the design aspects of the bootstrap
system and the simple system is desirable to aid in the selection
of the high performance cooling system. The bootstrap cycle, due
to its bleed compressor action, has a higher turbine pressure ratio
and supplies colder air than a simple system. This represents a
saving on the total amount of bleed air flow if the air flow supplied
is still larger than the flow required for pressurization. Due to
the higher turbine inlet pressures, a smaller nozzle area is re-
quired, for the same weight flow as a simple system. In order to
maintain proportional design, smaller wheel diameters are used.
This increases the rotational speed required to maintain the same
blade velocity. While ground cooling is easier to achieve with a
simple system, ground cooling is possible but more difficult with
the bootstrap. The provision of a separate blower or the use of a
jet bleed augmenter are just two possibilities for ground cooling.
The addition of a separate blower to provide cooling air on the
ground constitutes a weight disadvantage for the bootstrap system,
which is partly overcome by the smaller and lighter air cycle
machinery of the bootstrap system.

Figure 9 indicates that the bootstrap regenerative system offers
the best chance of successfully removing the required amounts of
moisture, since the moisture is removed at approximately the
same temperature as in a simple regenerative system but at higher
pressure. '

Because of the superior performance of the bootstrap regenera-
tive system, it appears that it should be the only system considered
for additional study for the problem as stated. The bootstrap re-
generative system, therefore, will be investigated under various
operaging conditions with the use of practical component character-
istic data. : :
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SECTION IV

DETAIL DESCRIPTION OF THE HIGH PERFORMANCE COOLING UNIT

The bootstrap regenerative system, with split regenerator,
and with provision for spray cooling of the regenerative cooling
air flow, is considered the system best suited for meeting the
objective for a high performance cooling unit based on the operat-
ing conditions as specified. These requirements are given in
detail in Section III of this report, and are stated here briefly as:

(1) Maximum moisture entering the cabin is 50 gr/l1b
dry air.

(2) Minimum engine bleed when compared with con-
ventional cooling systems of equal cooling capacity.

(3) Size, weight, and cooling flow drag of the unit shall
be such as to be practical for use on present day
aircraft.

To provide for ground cooling, some auxiliary means must be
included. An auxiliary turbine driven blower or a jet bleed augmen-
ter that operate only on the ground are but a few of the methods
avallable. Their addition of course increases the overall size and
weight of the cooling package. For this high performance cooling

-unit the auxiliary blower is considered.

A schematic drawing of this system 1/ is shown in Figure 10.
A general description of the system (bootstrap regenerative with
split regenerator) may be found in Section III. It is, therefore,
appropriate to continue with a detailed description of the compon-
ents and controls that comprise the High Performance Cabin Cool-
ing Unit, hereafter referred to as HPCC.

The HPCC consists of two ram operated heat exchangers, a split
regenerative heat exchanger, an expansion turbine driving a bleed
air compressor, an auxiliary ground cooling blower, a spray system
and, if necessary, a moisture separator, together with the required
connecting ducts and controls.

~ All of the heat exchangérs are conventional, brazed aluminum
extended surface heat exchangers 2/. The two ram operated heat
exchangers are identical three-cabin air pass, cross-counter flow

1/ The auxiliary ground cooling blower is not included in the
- schematic for simplification of presentation.

2/ Refe;'ence No. 6.'
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exchangers. ’I‘he nominal overall dimensions of each ram heat
exchanger are 5 x 10-3/4 x 1U~-3/4 inches. The split regenerator is
essentially two series exchangers. The first section is a two-cabin
air pass, cross-counter flow exchanger, while the second is a simple
cross-flow exchanger. Their nominal overall dimensions are

6-5/8 x 9-3/4 x 12-3/8 inches and 5- 1/2 x 11-7/8 x 12-3/8 inches
respectively.

The air cycle machine consists of a full-bladed, fixed area
centripetal turbine driving a centrifugal compressor. The turbine
has a wheel diameter of 3.8 inches and a nozzle area of 0. 2677
square inches. The estimated performance of the turbine is given
in Figure 11. Performance calculations discussed in the following
pages reveal that the required refrigeration load and pressure
scheduling of the airplane are such that the turbine nozzle area,
sized at the design point, will successfully control the air flow to
the unit for all altitudes and all flight conditions. This factor, of
great importance, results in a relatively simple control system,
eliminating any need for a variable area nozzle or a secondary
flow control valve.

The compressor is a conventional centrifugal type with a wheel
diameter of 3. 85 inches. The estimated compressor calibration
is given in Figure 12. Based on the performance calculations that
are discussed in the following pages, compressor operation has
been found to be satisfactory for all altitudes and all flight con-
ditions. This factor obviates the need for internal control regu-
lation such as prerotating vanes or variable diffuser vanes.

It is clear from the above discussion that internal control
methods for the turbomachinery components of this high perform-
ance cooling unit are not warranted.

Referring to Figure 10, the regenerative cooling flow is shown
being discharged overboard via the cabin pressure regulating
valve. Should this be impracticable, a flow-limiting valve must
be provided in this duct to reduce the regenerative cooling flow
when the airplane cabin is pressurized, Otherwise no air would
flow into the cabin. Since no information of the specific cabin
pressure regulating valve geometry is available, the simpler
plan is employed.

WADC TR 54-389 35



\
1

4

e L

Qyvogy3A0

o #

)]

! 3ATVA T0ULINOD
' ONILVYIN93Y
34NSS3¥d NI8VD

ANVSS3I3IN 41 AINO
y¥olvuvd3s ¥31vm 3sn /T

NI18VO

al!

HOLlvidvd3S ¥ILYM

o’

—/

..l,'.v A

T whuu‘mh.wk.,.‘.,.&mwwmﬁh e e U
$|044u0) yiim Jun 6wjoo)
ddoubwiojidd YbiH jo woiboig o1jpwayss ‘Of ainbi 4
QNVO0 843A0
anwa S oLy u | £
JouiN03 7 ! J
ONIJI-IINV | | 1N LN3A
“ i HOSSIHINOD s
] xmoz_<zuxu X3 ‘ B
1 ¥IONVHOX3 | ¥IONVHOX3 v
! LETX S T =—p=89  MIv 03378
€l ] LV3H lvaH ﬁno/
1V3H
| Wvy
uéhéwzwow”»_ Wy
1 .
cory 1§ S e el 2
I 1 & ¥y 1 y1y
WYY WYY

3ATVA SSVd-AE8 TONINOD
3UNLVHILWIL NIgYD

T T R AT A i S Mt o iy e e b et e o e e+ e

36

WADC TR 54-389



st

M pred

s T

s

R Rt

i o

3

gqur

i

i

4-3

b
.

Lyt
1 H

WADC TR




A B EAS Eh H M
SN

. S [
1385 toy EaebigT
. - T ™

e
'

I
l
|
i

b e s o L e e et s e e o e e e o v e et n -

' ) i . K w

N . . t B * . ) X { 1 oL ." -

R ” “ ° . : I Sy S .Amlﬁw, mlllul,.lvn :o“\vftrﬂtl o
e e - e e TR TSP E R ISE = .SQJ _ 11}
, S S A o

, . 06’ : o8 o732 i o e

. . H " P ? S
1
JR§ -t . [N - - - - H R S .
! . : ; . T
! i . ! '
B b T N N S el . S IEN
X v . ; : T T
! : : H ! X ¢ . i
v oo f kv @& 5 il ‘f:L_: : e e & B S "
! i X i . v ! i I ; f ; 1 - S w i
+ b e B gl o o e b M e . 1 o i
M \ ' H t ) [ 3 ~U\~\. . H i T i NJH j =t
) : i . ' T I AU
pee e i S w ; | LGy - D aioet CEET IRD) SRS SULUR S-SF U SRUU AU SPUS S LI u.i.w i
) . : ; 3 ' . ! ' ' { N m v ‘ ! . 4w1 8
e et s st e < o s = e e o < 3 .. SO W A . . i ; i i i -
: = = — y ! - w rt : UM RO EL SO
‘ : <Y ' ! “ ., .
- - . H NP e it e et SRS SP SO S ST
. : . P ; . ! ol
e e A Sy A 7 S ! : ot S !
; _ L : 150 S s v Saanal Shb
¥ F ’ . | ‘
éﬂ# i ;
i SUNETUN -4 SR N .
. 4
- -

L
H - .
N T
1

t

i
“t
)
R el E
‘

7 <J*
= OTIYY TENS

.» ¢
S IR
; ;

N — - d M
' f .M

- R

IR ————



From the foregoing considerations, regulation of the HPCC
by separate control methods is required. The control components
are of the same type as are used on conventional cooling systems,
and are described as follows:

(1) Cabin temperature is controlled by flow in the hot air duct which
by-passes jet engine bleed air directly to the cooling unit discharge
duct. The by-pass valve controlling the by-pass flow is responsive
to cabin temperatures.

(2) The problem of cabin humidity control has been reduced to that
of effectively transmitting no more than 50 gr/1b dry air to the
cabin. It is not advisable, in view of the added control complexity,
to control cabin humidity any closer. Based on the performance
calculations to be discussed in the following pages, a fixed restrictor
inserted in the duct system from the turbine discharge to the cabin
and an anti-icing control valve in the cooling air flow line of the
regenerative heat exchanger insure that no more than 50 gr/1b dry
air enters the cabin. The fixed restrictor is required to permit
adequate cooling flow to pass through the relatively high resistance
of the split regenerator. The anti-icing control valve is responsive
to the temperature of the bleed air at the moisture separator. When
this temperature falls below 35 F, the valve begins to close, re-
ducing the cooling air flow and the overall regenerative effectiveness
of the split regenerator. This action increases the bleed air
temperature leaving the split regenerator and entering the moisture

" Separator.

(3) Cabin pressure control is accomplished by a conventional cabin
pressure regulator, relief and dump valves. Adequate compartment
flow for pressurization and ventilation is provided for by the fixed
turbine nozzle area which was sized for design conditions. At high
altitudes and all flight conditions, satisfactory operation is assured
for the following reasons. Referring to the performance tabulation,
il can be seen that during high altitude flights the unit operates with
an excess of cooling capacity, resulting in low cabin temperatures.
Likewiseo the temperature at the moisture separator inlet falls
below 35 F. The package by-pass valve, responding to the low
cabin temperatures, opens, permitting hot air to enter the cabin
through the cooling unit discharge duct. The anti-icing control
valve, trying to maintain the moisture separator inlet temperature
above freezing, closes completely, preventing any regenerative action.
Thus, both the complete turbine flow and the hot air by-pass flow
serve to pressurize and ventilate the cabin. Calculations indicate
that, under maximum design cooling loads, the combined flow is
adequate for ventilation and pressurization.
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(4). There is no need for a speed control device for this unit. The

air cycle machine operates at a speed resulting from a balance be-

tween turbine and compressor power, as determined by the other
system variables, including turbine flow, compressor pressure
ratio, turbine expansion ratio, compressor and turbine efficiency.
Referring to the performance calculations, it was found that the
resultant speed varied with altitude and engine setting in a limited
region. ‘ :

(5) A sonic venturi, located at the inlet to the cooling unit limits

the maximum amount of air that can be bled from the engine. This

is done to prevent excessive uncontrolled bleed from the jet engine
in the event of any damage to the cooling unit or cabin.

The performance of the HPCC was investigated for various
altitudes at flightConditions A and C. The results are tabulated
in Table.l. It should be noted that the design yielded excess cool-
ing capacity for all points investigated, with the exception of
25, 000 feet altitude-at flight Condition C. If further reduction of

. engine bleed flow is contemplated, by reducing turbine nozzle area,

there will be a deficiency in cooling capacity at that operating point.

For this reason, the excess of cooling capacity at all other points
was tolerated. - ‘

Based on pressurization schedules, a critical point exists at -
45, 000 feet altitude for flight Condition C. For this condition the
turbine flow is 5.95 lbs/min. This is less than the prescribed
minimum flow for maintaining cabin pressurization equal to 7.8
lbs/min (see Figure 13). However at this condition, due to the
excess cooging capacity, cabin temperatures fall below the design
value of 70°F. The temperature control valve opens to permit
hot air to by-pass the unit and thus raise the cabin temperatures.
Calculations indicate that approximately 3.40 1bs/min of hot air
by-pass the cooling unit in this way. The total cabin flow then
becomes 9.35 lbs/min. :

In order to indicate more clearly the inherent advantages and
disadvantages of the HPCC, a comparison with a simple system
of approximately the same dry rated cooling capacity is desirable.
The simple system selected for comparison includes an air cycle
machine and a blower operated heat exchanger. The air cycle
machine consists of a turbine driving a blower. Air is bled from
the jet engine and is first cooled in the heat exchanger. Cooling
air from the heat exchanger enters the turbine driven blower and
is discharged overboard. The bleed air, somewhat cooled, ex-
pands in the turbine, reducing its temperature substantially below
ambient. The cold bleed air is then directed into the cabin. A
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moisture separator is included at the turbine discharge to remove
any moisture that is condensed during the expansion.

The comparison of both systems will now be undertaken for

~ flightCondition A, considering the following features:

(1) Cooling capacity.

(2) Engine bleed air.

(3) Aircraft drag and cooling air flow.
(4) Humidity control.

(5) Size and weight.

(6) Pressurization and ventllatlon

() Ground cooling.

(1) The cooling capacity of the HPCC is much greater than the
simple system. This is evidenced in Figure 14, where cooling
capacity versus altitude is compared for both systems.

Comparison between the two systems demonstrates the greater
capacity of the bootstrap regenerative unit at the low altitudes,
where the maximum humidity encountered is high. As the altitude
increases and the ambient humidity reduces, this difference
diminishes. It is still, however, a sizable factor at 35, 000 feet,
but this is due essenually to the mcreased cooling capamty of
bootstrap operationover simple system operation, which exists
up to moderate altitudes. At.very high altitudes, the effect of a
reduced speed of the bootstrap unit decreases its overall
efficiency, resulting in a coolmg capac1ty comparable to the
simple system.

(2) The curves, showing both engine bleed and cabin flow as a
function of altitude for both systems are given in Figure 15. It
can be seen that the HPCC requires less bleed than the simple
system. This reduction is as much as 11 1bs/min at sea level.
There are two curves shown for the HPCC, engine bleed and
cabin flow. The difference between the two is the regeneratwe
cooling flow.

(3) The drag due to the cooling air requirements of the heat ex-
changers has been estimated for both systems. Evaluation of
this power loss is difficult to make unless certain information
concerning system location aboard the aircraft is known. Since

~ this is not the case, these assumptions will be made in the

calculation of drag.
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(a) 85% ram inlet duct efficiency.

(b) Zero thrust recovery by jet effect of the discharging cool-
ing air.

The cooling air flow and resultant drag vs altitude are shown
in Figures 16 and 17 for both systems. The HPCC with two ram
heat exchangers requires approximately 80% more cooling air
flow than the simple system with one blower heat exchanger.
Likewise, the bootstrap unit has, in the same order of magnitude,
higher drag than the simple system.

(4) The HPCC, specifically designed to operate satisfactorily
even under adverse high humidity conditions, limits the cabin
inlet moisture content to 39 gr/lb max (at sea level).

The simple system introduces considerably more moisture to
the cabin, depending on the efficiency of the moisture separator
employed. Estimates place this value in the order of 120 gr/lb
(at sea level). "

(5) The size and weight of the HPCC is, of course, much larger

than the conventional system, requiring an additional heat ex-

_ changer, a split regenerator, and an auxiliary blower for ground :
cooling. The estimated weight breakdown of both systems are

given in Table 2. : ‘

(6) Required pressurization and ventilation requirements are
satisfied for all flight conditions and altitudes. At the worst
possible condition (highest altitude and lowest bleed pressure)
45, 000 feet at flight Condition C, satisfactory operation is ,
assured by the cabin temperature control by-pass valve. At .
very high altitudes the cabin temperatures are so low as to
cause the cabin temperature control valve to open. This permits
hot engine bleed tc by-pass the cooling unit, increasing the cabin
temperature. The total flow entering the cabin satisfies the
pressurization schedule. '

(7) For ground cooling, an auxiliary blower is included in the
HPCC. The blower is powered by a suitable drive from the
cooling turbine to pass cooling air through the ram heat exchang-
er. On the other hand, the simple system with a blower operated
heat exchanger requires no additional components for ground
operation. Besides the additional weight of the secondary blower
(10 1bs) there are other disadvantages resulting from the added
controls for satisfactory operation. '
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TABLE 2

ESTIMATED WEIGHT BREAKDOWN COMPARISON BETWEEN
HPCC AND SIMPLE COOLING SYSTEM

Item

Blower Heat Exchanger
Ram Heat Exchanger
Split Regenerator

Air Cycle Machine
Moisture Separator
Spray System |
Connecting Ducts

Cabin Temp. Control Valve
Flow Limiting-Venturi
Anti-Icing Control Vélve
Shut-Off Valve

Auxiliary Ground Cooling
Blower, Drive, and Controls

Total

WADC TR 54-389 -

- No. Simple
Req'd HPCC . System
1 - 20
2 30 -
1 24 -
1 22 .24
1 4 -6
1 2 -
- 6 3
1 2.5 2.5
1 2 2
1 1.5 1.5
1 2 2
1 10 ' -
1061bs. 61 1bs.
46
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