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Abstract

A method is presented that explores the primary design factors for an on-board
high-energy laser or microwave-generated waste heat removal system and the trade space
among the laser/microwave power, overall thermal efficiency, and duty cycle.
Methodology includes incorporation of single or cascaded vapor cycles (heat pumps) that
transfer waste heat from a high-energy device into a heat exchanger installed in the
bypass section a mixed-bypass turbofan engine of the type typically found on high
performance aircraft. Analyzed are multiple bypass heat exchanger configurations that
allow unimpeded air flow, minimizing friction and blockage losses. It is demonstrated
that such an engine-heat exchanger combination can remove laser/microwave-generated

waste heat with little to no effect on engine performance.
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ON-BOARD THERMAL MANAGEMENT OF WASTE HEAT FROM A
HIGH-ENERGY DEVICE

l. Introduction

High energy devices like high-power lasers and microwave devices have become
smaller and lighter than when first developed. Combining the mobility of an aircraft with
the benefits of these technologies are continuing development, as discussed in Scott
(2004:1-3). Today, low power lasers are used on many U.S. military aircraft within laser
targeting pods. In the attempt to utilize lasers with higher power, one of the major
challenges is handling the large amount of waste heat generated from a low system level
efficiency.

Currently, high-energy laser systems are about 10% efficient, as described in
(Perram et al., 2004:14). The remaining 90% of the input electric energy is converted
into waste thermal energy that must be managed. The input power for a high-energy
laser is typically greater than 100 kW and is sometimes in the megawatt-class. For a one
megawatt laser, the thermal load is often 900 kW with a lase time of 6-20 seconds. For
microwave emitters, the thermal load may be an approximately 5 megawatt-class with an
efficiency of 20% for 5-15 seconds. The high amount of energy that must be moved is
not the entire challenge. The device must be maintained at a specific temperature. Many
high-energy lasers must be cooled at a temperature of approximately room temperature or
between 527 and 536 R (67 — 76 °F). Microwave emitters may need to be cooled in the
range of 617 to 626 R (158 — 167 °F). Ambient air temperatures may be near the device
cooling temperature and will tend to increase the size of any direct device-air heat

exchangers.



A variety of waste heat extraction systems have been examined. For instance,
(Shanmugasundaram et al., 2005:1-14) examined a ram air heat exchanger to receive
thermal energy from a single-phase coolant that drew energy from the laser system.
Many cooling schemes have been examined for the rapid and direct cooling of the laser
system itself as in (Wang et al., 2005:1-10) and (Shanmugasundaram et al., 2007:1-17).

Aircraft engines use the conversion of chemically stored energy (jet fuel) into
thermal energy stored in the air (heat). This chemically stored energy is an economic and
readily available source of energy. More and more of this energy is being used for
purposes other than providing thrust, like cooling avionics, life-support, computers, radar,
engine oil, etc. All of these devices create waste heat that must be cooled. Fuel has been
used to cool aircraft devices prior to combustion. The additional thermal energy stored in
fuel creates a favorable effect on the engine performance because less energy is required
to initiate the reaction process during combustion. As the fuel thermal capacity has been
reached by device cooling, the benefit from the preheating mechanism has been
maximized for current jet fuels.

Storing the thermal energy within the fuel and recycling the hot fuel back into the
fuel tanks is another thermal management scheme. Heat transfer through the wing
surface could be attempted. The heat exchange through the wing surfaces may be very
limited; however, if a low thermal signature is required. Additionally, storing energy
within the fuel impacts the capacity of the other airframe systems that are already using
the thermal capacity prior to fuel combustion, as previously described. Ultimately, the
energy needs to escape the airframe.

Many aircraft today are required to maintain lower thermal signatures. This

requirement limits options for thermal transfers from aircraft external surfaces with heat
2



exchangers. The air flowing through the airframe through either the engines or ram air
scoop, in the engine inlet, remains viable options. Shanmugasundaram et al. (2005:1-14)
have already published a scheme for a ram air heat exchanger. It was found that raising
the device cooling temperature significantly reduced the mass of the heat exchanger. It
was also found that using a layered plate-fin heat exchanger resulted in high pressure
losses that, in some cases, exceeded the available dynamic pressure head. A fin-tube heat
exchanger produced approximately 10% dynamic pressure head losses, increasing system
drag. In order for a design choice to be made between thermal management schemes, an
understanding of all of the options must be achieved. Both the capabilities of a heat
pump and the impact on engine performance must be understood.

Waste heat will be drawn out of a high-energy device, such as a laser or
microwave emitter, through a thermal storage device, a water-based heat pump, and a
heat exchanger within the bypass section of a modern day jet fighter engine, mixed
bypass turbofan. A set of guidelines will be provided for a starting point of design. The
engine performance will be analyzed based to the effects of the thermal management
system.

The laser or microwave device will be described with two terms. The first is the
laser class that describes the total input power the system uses emitting a beam, expressed
in Watts. This parameter is used for both the laser and microwave. The second term is
the system level efficiency. This term describes the percentage of the system power that
is in the final beam. The remaining power is converted to waste heat.

Due to the rapid generation of the waste heat, it is assumed a heat storage device

will capture and hold the heat energy and allow for energy dissipation over a longer



period of time. It will also be assumed this device allows for enough surface area and
temperature difference for a complete transfer of energy into a working fluid.

A closed system heat pump will be used for regenerative heat dissipation. The
energy extracted from the thermal storage device and passed through the heat pump is
transferred into the engine bypass air, through a single pass, counter-flow duct heat
exchanger. The heat pump coolant temperature low point at the evaporator must be
lower than the storage device medium. The coolant condenser exit temperature must be
higher than the air in the engine bypass section. A basic schematic of the high-energy

storage device, heat pump, and engine configuration is shown in Fig. 1.

Exhaust Air

A

Engine Bypass

A

Slower Heat Transfer — High Temperature

Heat Pump

A

Slower Heat Transfer — Low Temperature

Thermal Storage Device
A

Rapid Heat Transfer — Low Temperature

High-Energy Device

Fig. 1. Energy flow diagram

As the waste heat is transferred to the thermal storage device, the energy can

begin transfer into a heat pump. The slower inflow rate of thermal energy will be greater



than outflow. Thus, a high-energy device can be used only for short periods of time
during the dissipation cycles. A factor named the Duty Cycle Factor (fpc) is the heat
generation efficiency times the ratio of emitting time divided by the recovery time. The
heat generation efficiency is one minus the total device efficiency. The time for the
system to dissipate all of the stored heat, i.e., the time between the start of two
consecutive device firings, is the recovery time. Thus, the device nominal power, say 1
MW, times fpc is the energy rate that must be dissipated into the bypass air. Or viewed
inversely, the maximum rate of energy dissipation in the bypass duct divided by fpc is the

maximum device power. Thus a small fpc is desirable.



Objectives

The objective of this research is to understand the capabilities and limitations of

the given thermal management system. The variables to be analyzed are:

=

no

Effect of fpc on the thermal management system

Impact of maximum and minimum temperature within the heat pump on the
thermal management system

Comparison of a single heat pump or cascaded heat pumps (two heat pumps in
series)

Impact of thermal management system on engine performance

Influence of Mach number and altitude on the thermal management system and

engine performance



I1. Background and Theory

The underlying theory used for this analysis focuses on classical principals. This
analysis is not intended to determine the state-of-the-art capabilities, but is intended to

provide a baseline for design.

High-Enerqgy Device

The starting point for this analysis begins with the waste heat generated by the
high-energy device. Due to the rapid cooling rates and special requirements of the high-
energy systems, the cooling of the device itself will not be analyzed. It will be assumed
that the cooling has taken place and the thermal energy has been stored in a thermal
storage device. The energy generated from a laser or microwave will be used
synonymously as the source of the energy does not impact the thermal management
system, only the amount of heat generation does. The requirements of each may be
unique and will be analyzed separately but all the thermal management system does is
process thermal energy. All of the high-energy system input power that is not an output
within the directed energy is converted into waste heat. The waste heat generation rate is

expressed,
Qgen = I:)input (l_nlaser) (1)
The remainder of the analysis will utilize English units. The waste heat generation rate

will be expressed in BTU/s. The high-energy device provides the energy for the thermal

storage device.

Thermal Storage Device




The thermal storage device must extract the waste heat from the high-energy
device quickly to prevent overheating of the laser lase medium. If the temperature of the
lase medium is not carefully controlled, the medium will fracture and disable the system.
The microwave must be protected from overheating in the same way.

The total energy stored within the storage device is determined by the product of

the lasing time and the waste heat generation rate as shown in Eq. 2.
Q = Qgen (tlase) (2)
The total energy stored provides the basis for the time a given thermal management

system is allowed to dissipate all of the stored energy.

Heat Pqu

The design of the heat pump will include a traditional vapor compression cycle
with an evaporator, compressor, condenser, and an expansion valve. The coolant type
will be water due to its high critical point of 1,164 R. The critical point is the point
where the liquid and vapor states are identical. The high critical point of water allows for
a high maximum phase change temperature at the condenser exit and a high temperature
difference with the bypass air. Other common coolant types such as ammonia, R-12, and
benzene have a critical point temperature of 729.8 R, 692.4 R, and 1,012 R, respectively,
and all have a lower critical point temperature than water.

The classical vapor-compression cycle is used for the heat pump design with the

design points shown in Fig. 2.



Qcondenser

Wcomnressor

Q evaporator I

S
Fig. 2. T-s diagram for the heat pump showing external energy transfers

The curved line represents the vapor dome. The region to the left of the dome represents
the liquid state. The region to the right of the vapor dome represents the pure vapor state,
also known as the superheated vapor state. The area under the vapor dome represents a
state of mixed liquid and vapor. The critical point is the point that is at the top of the
dome or maximum temperature. The large arrows indicate where energy is added or
removed from the coolant. The condenser provides the balance for the added energy to

escape. Equation 3 shows the energy balance.
Qcondenser = Qevaporator + Qcompressor (3)

For a system limited by a fixed heat transfer rate at the bypass heat exchanger
(condenser), added compressor work reduces the heat transfer capacity of the evaporator.
The work added by the compressor increases the pressure and temperature of the coolant
and should be kept to a minimum. Figure 2 shows the physical architecture associated

with Fig. 1.
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Fig. 3. Physical diagram of the heat pump showing component interfaces with the thermal storage
device and the engine

The coolant loses energy through the condenser via the bypass heat exchanger.

The vapor compression cycle can be found based on the energy transferred in
each component. As the heat is transferred from the thermal storage device to the coolant
(point 4 — 1), the entropy is increased at constant pressure. At the exit of the evaporator,
the coolant is completely vaporized into steam. The compressor increases the pressure
(point 1 — 2). A small pressure drop occurs between points 2 and 3 but is assumed
negligible due to the short length of the pipes in the bypass section. As the temperature is
constant under the vapor dome, the phase change temperature (point 2p) is chosen as a
design point. The pressure is found based on the phase change temperature. Point 2s is
the point on the high pressure line with the same entropy as at the compressor entrance
(point 1). Point 2 incorporates the inefficiencies in the compression process. The

efficiency of compression process (Moran and Shapiro, 2004:492) is,

— h25 _hl (4)

nc_
h2_hl
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A low efficiency will increase the enthalpy from point 2s to point 2 and increase the
temperature at a given pressure. All of the properties of the steam exiting the compressor
at point 2 can now be determined.

As the pressure is constant between points 2 and 3, the coolant properties can be
found at any point between 2 and 3. Lastly, the properties at point 4 can be found due to
the constant enthalpy process down to the known low pressure (point 4).

Once the vapor-compression cycle is determined based on a low and high phase
change temperature (T1 and Top) and a compressor efficiency, sizing can be performed
based on the heat transfer rate to the evaporator. The expression for the mass flow rate of

the coolant (Moran and Shapiro, 2004:486) is,

_ Qevaporato r (5)

I’.hcoolant - h1 _ h4

, where Q is the energy transfer rate from the thermal storage device and h;-hy is

evaporator
the energy storage capacity of water, between points 1 and 4, per unit mass. Because
water has a relatively large heat of vaporization, the mass flow rates tend to be relatively
small. For example, an evaporator heat transfer rate of 41.7 BTU/s and an enthalpy gain
of 624.5 BTU/lIbm will require a coolant mass flow rate of 0.0667 lbm/s. With a known
coolant mass flow rate, the magnitude of the compressor work and the heat transfer
through the condenser can be found. A more comprehensive review of non-idealized
vapor-compression cycles can be found in (Cengel et al., 1994:591). The challenge now

is the heat exchanger design in the engine bypass duct.
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Bypass Heat Exchanger

The heat exchanger chosen is a counter-flow heat exchanger without fins. Fins
were not included because the pressure loses from blockage and skin friction was not
desirable. The counter-flow type of heat exchanger is used because of the requirement
for the coolant temperature to be higher than the air. Since the magnitude of change in
temperature of the coolant is much higher than the air, the lowest temperature of the
coolant (during phase change) will be closest to the temperature of the air. Because the
coldest air will be at the front of the bypass duct, the temperature difference will be
greatest if the phase change temperature (T2p-T3) interacts with the bypass inlet
temperature. The schematic in Fig. 4 shows the basic layout within the engine bypass

section.

Coolant flow out A4 Coolant flow in

TSI <
T

Section A-A

Coolant flow in

Coolant flow out
A <«

Fig. 4. Engine schematic showing the layout of the heat exchanger

Section A-A shows a large number of small diameter coolant pipes to create a nearly
even temperature distribution across the surface of the bypass duct. This temperature

distribution is necessary due to the requirement of the theory to have a constant wall

12



temperature. The pipes will be configured in parallel (no snaking of pipe flow),
maintaining a constant temperature in each pipe at section A-A. The distance between
pipe centers is twice the diameter. The number of pipes is the bypass circumference
divided by the pipe spacing rounded down to the next whole number. As the intent of the
heat exchanger is to transfer the thermal energy from the coolant into the bypass section
air, the rate of heat transfer (Humble et al., 1995:133) is governed by Eq. 6.

T

q — Qcondenser — coolant —
condenser L 1 |_

BypassSurface + metal

h

Tr

- ©)

r]Pipes kmetal ABypassSurface hg ABypassSurface

‘coolant APipeSurface
Each fraction within the denominator is commonly referred to as the thermal resistance of
each component of the heat exchanger. In this case, there is energy transferred from the
steam into the walls of the pipe material, which flows through the pipe material and into
the engine bypass air. The coolant temperature drops until the coolant is within the phase

change regime. The transfer of energy to the bypass air causes a change in temperature

tO TT,OUt'

T — Qcondenser +TT,in (7)

T ey
The specific heat at constant pressure and the mass flow rate are assumed constant within
the duct. Therefore, the temperature change (Tt out-TT,in) IS dependent on the energy flow
rate from Eq. 6. The heat transfer coefficients require a more in-depth analysis.
The heat transfer coefficient of the bypass air is from Humble et al. (1995:133).
High-speed flow (M>0.4) of hot gas in an enclosed channel can be described with the

empirical relation,
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h, = o.ozw(ﬂjs[%js(cp%js (8)
M

The temperature at the bypass inlet is assumed to be approximately 300 °F, variable of
course, depending on operating conditions and compression. The heat transfer
coefficient is dependent on both fluid properties and flow characteristics.

The coolant heat transfer coefficient incorporates pure vapor region (point 2 — 2p)

and the mixed vapor/liquid region (point 2p — 3). Hill and Peterson (1992:129) shows,

LN E
C 3
Mot = o.ozsk(ﬁjs [1}5[,3_#} o
u )\D)\ k

This empirical relation is valid for long smooth tubes. For the coolant in a pure vapor
phase, Eq. 9 is directly applied. As heat is added or removed from the coolant during the
phase change, the progression of fluid properties between the saturated liquid line and the
saturated vapor line is linear, at a constant pressure. The averaged saturated liquid and
vapor heat transfer coefficients are representative of the region under the vapor dome.

A high heat transfer coefficient is desirable as it will allow thermal energy to flow
more rapidly. The online NIST publications on the thermophysical properties of water
was used to determine the specific heat at constant pressure, dynamic viscosity, and the
thermal conductivity of the coolant at a specified pressure and temperature.

The air density was calculated from the perfect gas law,

p
== 10
P =0 (10)

The bypass air pressure, diameter, temperature, and velocity is determined based on the
engine design and operating conditions and will be explained in more detail in the Engine
Cycle section. The impact of the conducting material will be quantified.

14



The thermal conductivity of the heat exchange material is a material property and
can change with temperature, depending on the material. As shown in Fig. 5, conducting

material surrounds the coolant.

O O O |Insulation Bypass Section

Conducting Material - Coolant Pipes

Fig. 5. Bypass heat exchanger segment cross section showing material configuration

One of the primary advantages of this geometry is the minimal impact of skin friction and
flow blockage on the bypass air, while still allowing the coolant to flow within a pipe-
shaped geometry. The minimum thickness of the conducting material between the

coolant and the air or insulation is,

D ipe
pCooIant[ ;P J
— (11)

O

thickness ;. =

Equation 11 is used to determine the hoop stress, oy, (Craig, 2000:587) in a material
analysis and defines the applied stress. The stress capacity of the material used must be
greater than op. The stress capacity may be greatly reduced due to the high temperatures,

caused by the coolant. The insulation may be a broad range of materials and is not
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limited to heavy, solid ceramics. A thermal blanket may be a good choice. The purpose
of the insulation is to contain the flow of thermal energy within the bypass section.

The shortest distance the energy must travel through the conducting material is
equal to the pipe thickness between the coolant pipe and the bypass air. The maximum
distance is half the circumference of the pipe plus the pipe thickness. The distance used
for the thermal conductivity is the average of the maximum and minimum distances
described above. Once the heat transfer rate into the bypass air is known, the length of
the bypass heat exchanger can be found.

Determining the length of the heat exchanger is a process of equating the energy
rate from the coolant (condenser) to the transfer rate through the heat exchanger. The
heat exchanger process can be divided into two regimes. First is the phase change
process where the air temperature is relatively constant and is approximated as such.
Using the averaged phase change properties and constant coolant temperature and by
dividing the energy required for the heat of vaporization by the heat transfer rate, the
length of bypass required for the coolant to change phase can be found. The second
regime occurs during the pure vapor portion (point 2 — 2p) of the heat exchange. Here
the coolant temperature will not be constant. By discretizing this regime, a numerical
approximation of the heat transfer rate at a small increment can be found. If the required
length of bypass section is less than or equal to the length of the bypass section, the
design is achievable.

Anderson (2003:113) provides a relationship for the effects of skin friction,

M,

4 ﬂ- 4 ﬂ-BypassSurface 1 _ V4 +1 M ?

BypassSurface
+ =|- In 12
D Dinner 7”12 27 1+ L_l M 2 ( )

outer

M,
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The two terms to the left of the equal sign is to account for the inner and outer surfaces of
the bypass section boundary. This expression is used to solve for the Mach number at the
exit of the bypass section caused by skin friction.

Anderson (2003:104) also describes the relationship between the change in total
temperature and Mach number due to the heat addition using,

-1 2
2l 1+—M
T02: 1+ M/ | M, 2’ (13)
T \I+MZAM, )|, 771

Equation 13 is derived from the compressible flow relations described later in the engine
cycle section. Since the change in total temperature is computed from the heat addition,
the exit Mach number, M, can be solved. By combined change in Mach number from
the friction and heat addition determined the Mach number at the exit of the bypass
section.

Anderson (2003:113) gives the relation of the effect on stagnation pressure from

the change in Mach number caused by heat addition and wall friction,

7+l

Pot - M, 2+(7_1)M12

The stagnation pressure will decrease due to heat addition and skin friction. Care must be
taken as to whether the initial Mach number is in the subsonic or supersonic regime. In
each case, the Mach number will approach unity, as heat or friction is added. A more
thorough description of the Rayleigh and Fanno curve theory can be found in Anderson
(2003:109-116). Additional heat transfer capacity may be available by increasing the

thermal transfer surface.
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A second type of heat exchanger was investigated utilizing the outer and inner
surfaces of the bypass section as shown in Fig. 6.

A 4

Coolant flow out Coolant flow

‘ ! Section A-A

Coolant flow
Coolant flow out

Fig. 6. Simplified engine sgt:n_watic showing section labels and dual surface heat exchanger
The coolant is transferred to the inner pipes through the engine struts. This configuration
can approximately double the heat exchanger surface contact area. The pipe diameters
for the inner and outer surfaces are identical. Thus, the inner pipe spacing will be
approximately equidistant with the outer pipe spacing.

Finally, an analysis of the boundary temperatures of the conducting material can
be performed. Across a given heat exchanger surface, the temperature will drop from the
highest temperature at the mean coolant temperature, to the wall material in contact with
the coolant, to the wall material in contact with the air, and ending at the lowest
temperature in the mean bypass air. The maximum temperature of the pipe material will

be the surface (or the hot side of the wall) in contact with the coolant, shown with

Qcon enser
TWaII,Hot = TCooIant _# (15)
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This temperature can be used for analysis of material properties. Care must be taken
when choosing a material to prevent melting and be of sufficient strength at the
maximum temperature. Once the maximum temperature of the hot side of the wall is
known, a corresponding minimum strength of material can be found. A high thermal
conductivity is desired, but as the strength of the material decreases, the required
thickness of the material increases and will increase some resistance to the flow of
energy. A comparison of the thermal management systems must be performed to

determine the overall system impact.

Engine Cycle

The engine model used to determine the engine performance and flow properties
is based on a mixed bypass turbofan described in Mattingly et al. (2002:95). Each engine
component changes the air properties flowing through the engine. These changes can be
quantified in part with compressible fluid relations using total or stagnation temperature

and pressure as in Eq. 16 and Eq. 17, respectively.
y=1 >

V4

— y-1
p, = p(1+}/TlM 2]7 (17)
A total pressure ratio, «t, is defined as the ratio of exiting total pressure to entering total
pressure. The total temperature ratio, t, is defined as the ratio of exiting total temperature
to entering air total temperature. A list of the total property ratios for each engine

component and how they are determined can be found in Mattingly et al. (2002:102).

Figure 7 shows the nomenclature for a mixed bypass turbofan engine.
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Fig. 7. Engine station numbering for reference in equations

Due to the symmetry, only the upper half is shown. Point zero, not shown, is the
freestream conditions far ahead of the engine. The section between point 2.5 and point 6
is known as the core. The fan and the low-pressure compressor will have identical total
temperature and pressure ratios. The mixer combines the flow from points 16 and 6 and
ends at point 6A. In Mattingly et al. (2002), the assumption is that there is no stagnation
pressure or temperature loss between points 13 and 16. However, changes to the total
temperature and pressure outlined earlier were incorporated into the engine analysis
presented here.

This analysis will incorporate the energy addition due to the heat exchanger and
the losses due to friction on the bypass air. The air properties at the inlet of the bypass
section can be found using Egs. 18 — 20.

Trys =Ty7, 7 (18)

Priz = PoZ 72470 (19)
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n.’]0
l+ox

My =a

(20)

These equations allow the bypass duct inlet conditions to be found. In addition, the
bypass inlet Mach number and area size must be chosen. Mattingly et al. (2002:152)
outlines a method to ensure the static air pressures are equal at both inlets to the mixer
(points 6 and 16). The mass flow parameter is used to determine the cross-sectional area
of the bypass section with Eq. 21.

v =™y m°(1+7 Im J M |79 VT /T (21)
PA 2 R

R P./P

For this analysis, the area at the mixer inlet provides an approximation of the area of the
bypass section.

For initial sizing, the Mach number and flow area at the bypass inlet was set equal
to the computed exit area without the heat exchanger. After the effects of the heat
exchanger are known, the Mach number at bypass exit can be recomputed. Now that the
change in the bypass air from added heat and skin friction, the change to the low-pressure
turbine air from the heat pump compressor power requirement will be examined.

Power can be drawn from the low-pressure turbine for the heat pump compressor.
Electric power will only be extracted from the low-pressure turbine. Mattingly et al.

(2002:112) defines a power takeoff coefficient, CyoL, as,

P
Crou =% 1, (22)

The power takeoff coefficient can be incorporated into a power balance between the
power required for the engine low-pressure compressor and that provided by the low-

pressure turbine. Mattingly et al. (2002:112) gives a relation for the stagnation
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temperature and pressure ratios (ty and my_ respectively) across the low-pressure turbine

as,

T

r{(TcL _1)+a(ff _1)}+(1+ a)CTCV
TTmpL
ML 72T {(1_ﬁ —& — 82)(1+ f )+(gl + ‘9/ jTrTcLTcH}
TiH T,

(23)

7, =1-

(24)

Equations 23 and 24 describe the changes to the core air that flows to the mixer.
The mixer combines the bypass and core air. The total temperature ratio can be

determined from,

T.7T:T
' f “BP
l ( | j
T}, z-mlz-tH Tm ZTtL (25)

ICC
1+« pC

v =
ot

This equation was modified from the mixer equation shown in Mattingly et al.
(2002:153) to include T+16/Tt13 (Tap) NOt equal to unity. The method for determining the

total pressure ratio across the mixer is not as direct, as shown in Eq. 26 and Eq. 27.

7T\ ideal = % = 1+ a')\/ Tm % &AE;)G (26)
t6 A 6A

7z-M = 7ZM ,maxﬂ-M Jideal (27)
The frictional losses across the mixer is accounted for using mtm max @s an input constant.
The losses due to fluid mixing is accounted for through 7t ideal-

The engine characteristics that will be used to determine the overall impact from

the thermal management system are uninstalled thrust and specific fuel consumption.
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The uninstalled thrust or the total force exerted from the engine on the surrounding air is
given by,
F= (meve - movo)+ Ag(Pg - Po) (28)

A derivation by Mattingly et al. (2002:110) shows a more useful form,

9 —PO
mFa =(1+ fo—ijﬁ—nvlo{u R j&% [1 /Pg) (29)

l+a 1+a )R, U% 2
a

Ch)

This form can be used for both afterburner on and off.
The uninstalled thrust specific fuel consumption (S) is a measure of the fuel
economy of the engine. S can be computed using,
— mf +mfAB — fo
" T
mO

S can be thought of as the fuel flow rate required to produce one unit thrust from the

(30)

engine.
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Sensitivity Analysis

A better understanding of the importance of the input parameters can be obtained

through a modified discrete sensitivity analysis.

output ., —output; ., (31)
inpUtﬁna| - inpUtinitial
input

sensitivity =

initial

This analysis examines the response to a non-dimensionalized input. Because the
purpose of this paper is to understand the capabilities of the thermal management system
and its impact on the engine, the engine and heat pump input parameters analyzed are: the

heat pump compressor efficiency (7, ), the coolant pipe conductivity (Kmeta), the coolant

pipe yield strength(c), outer diameter (Douter) and length (Laypasssurface) O the bypass
section, friction factor of the surface in contact with the bypass air(f), mass flow rate of

the inlet (m,, ), the aircraft power requirement excluding the heat pump compressor

(ProL), engine bypass ratio (o), engine core compression ratio (r¢), and the bypass
compression ratio (). The heat pump operating temperatures are not included in the
sensitivity analysis but are covered in the heat pump section within Chapter IV. The
output parameters to be analyzed include maximum laser power class, uninstalled thrust
and thrust specific fuel consumption, work required from the heat pump compressor, and
rate of heat transfer into the bypass air. The sign of the sensitivity value will indicate the
direction of the change. A positive value will produce a response in the same direction as

the input. A negative value will produce a response in the opposite direction as the input.
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Chapter Summary

Theory has been presented to determine the impact of high-energy device waste
heat on engine performance. Using a heat pump, low temperature coolant can extract
thermal energy and deposit it into bypass air at a high temperature. Due to the high
temperature requirements, water was used as the coolant. The heat addition into the
bypass air will impact the total temperature and pressure of the bypass air flow. The laser
waste energy and required heat pump compressor power will impact the thrust and

specific fuel consumption of the engine.
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I11. Computational Setup

Hardware

The hardware used for the computations performed for this project was a
Windows XP based IBM personal computer. The system utilizes a Pentium® 4, 3.06
GHz processor, 2.00 GB of RAM, GeForce 8800 GTS Extreme Video Card, and a

ViewSonic VX922 19" LCD Monitor.

Software
MATLAB® version 7.0.0.19920 (R14) was used for all calculations. None of the
additional toolboxes or add-ons were needed as only the basic programming tools were

utilized. Off-design parameters were found using AEDsys version 4.020, March 8, 2007.

Software Inputs

Based on the discussion within the Introduction section, on page 1, the laser and
microwave thermal storage devices will assume a required coolant temperature of 527.5
R and 617.4 R, respectively. Because the designs of the thermal storage devices are
presently not defined, the cooling temperature of the high-energy devices and their
respective thermal storage devices will be identical.

The 1976 Standard Atmosphere tables (NOAA et al., 1976:53) were used for the
far stream air pressure, temperature, and density. The resolution of the table was a set of
values every thousand feet. A solver was created to linearly interpolate altitudes between

one thousand foot increments.
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A reference engine and flight condition used for comparison with the thermal

management system are shown in Table 1.

Table 1. Reference engine parameters and flight conditions

| 36 Nne| 0.89
| 3.5 Nen| 0.9
Tra| 3200 |[R] ny| 0.89
T2 [R]| 3600 |[R] ne| 0.91
al 04 Nmee| 0.98
mo| 250 |[[Ibm/s] Nme| 0.99
Prou| 300 [[kw] Nmu| 0.98
Ms| 0.4 Bl 0.01 [[%]
Cpc| 0.238 [[BTU/Ibm-R] mag| 0.96
Cp| 0.295 |[BTU/Ibm-R] Nag| 0.97
vl 1.4 Yag| 1.3
v 1.3 Tmix, max|  0.97
hpr| 18500 [[BTU/Ibm] Cpag| 0.295 |[BTU/Ibm-R]
;| 0.05 |[%] Po/Po| 1
€| 0.05 |[%] Mo 0.8
mp| 0.97 altitude| 25000 |[ft]
T max| 0.97 gc| 32.2 |[[f/s?
| 0.98 ne| 0.98
outer radius of bypass section| 18.6 |[in]
length of bypass section| 72.8 |[in]

This engine type could be for a high performance fighter aircraft. The bypass section
outer radius and length were estimated based on the F110-GE-100 engine. The reference

parameters for the thermal management system are shown in Table 2.

Table 2. Reference thermal managements parameters

coolant compressor efficiency 0.8
pipe spacing 2X (Dyipe)
RefrigPipeDiameter 0.25 [in]
Thermal conductivity of pipe matl 15.8 [BTU/hr-ft-R]
Density of Pipe Matl 559.9 [Ibm/ft’]
Pipe matl strength at max temp 9300 [psi]
Max wall temp driven by mat'l properties 2259.67 [R]
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The pipe properties in Table 2 describes the conducting material containing the coolant.
As shown in Fig. 5, the material is not formed in a typical pipe shape but serves the same
function.

The tabulated data from the NIST, Thermophysical Properties of Fluid Systems
(http://webbook.nist.gov/chemistry/fluid/) tables were collected at selected pressures.
The pressure increments increased with pressure. The selected discrete pressures
increments used can be found in Appendix E. The maximum selected pressure of
3,190.83 psi is used because it is slightly less than the critical point for water (3,212 psi),
allowing a mixed liquid vapor regime.

The NIST steam tables indicate a maximum temperature of 2,295 R, to avoid
dissociation, and thus limits the maximum compressor outlet temperature (T,) of the heat
pump compressor. For modeling purposes, the maximum T, for the data used is 2,270 R

to maintain accurate grid interpolation using four distinct table values.

Code Validation

The engine cycle portion of the code was validated by comparing the results with
the parametric cycle analysis tool known as ONX, version 5.11, included with the
AEDsys® software package, version 4.020, developed by Jack D. Mattingly and David
T. Pratt. The results of the validation produced a maximum uninstalled thrust and

uninstalled specific fuel consumption error of no more than 1%.
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V. Results and Discussion

Duty Cycle

Overall operational system requirements will set limitations on the size and
performance of the thermal management system. The heat generated is assumed
dissipated over a given period of time.

As explained in Chapter two, the duty cycle factor (fpc) establishes the required
heat removal rate in the bypass duct, which is determined by the product of fpc and the

laser class power.
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Fig. 8. Correlation of input power and thermal transfer load

Figure 9 allows for a quick understanding of the impact of the duty cycle factor and the

trade space between the high-energy device power class and the load on the thermal
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management system. For example, if an operational requirement for a high-energy
device weapon program requires 20 seconds of lase time, 5 minutes of recovery time, and
a system efficiency of 10%, the duty cycle factor will be 0.06. This example duty cycle
factor will be used throughout this paper. If the desired high-energy device class is one
Megawatt, then, from Fig. 9, the minimum heat transfer rate through the thermal
management system is approximately 28.5 BTU/s. The x-axis is scaled in kilowatts
because of the typical convention for high-energy weapons. Since the aircraft engine
industry commonly uses English units, the y-axis heat transfer rates are in BTUs per

second.

Heat Pump

An examination of the heat pump design parameters have been performed. The
maximum temperature profile of compressor outlet temperature (T,) and condenser phase
change temperature (Top) will be shown at a range of thermal storage device coolant
temperatures (T1). The relationship between external energy transfer rates (Qcompressor;
Qevaporator, aNd Qcondenser) Will be shown for the range of T, used in the temperature profile

section. The effects of the compressor efficiency on T, and T, will also be shown.

Temperature Profile

When designing a vapor-compression cycle, the phase change temperatures (T
and Typ) are a design choice. For this study, the evaporator temperature range to be
examined is from 525 — 1,125 R, which encompasses the cooling temperature of the

thermal storage device cooling a laser and extends to within 39 R of the critical point.
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For this range of evaporator phase change temperatures and an 80% compressor

efficiency, the maximum changes in heat pump temperatures are shown in Fig. 10.
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Fig. 9. Maximum temperature change of the vapor-compression cycle at a given phase change
temperatures of the evaporator with an 80% efficient pump

Fig. 9 assumes a constant heat transfer rate at the evaporator (Qevaporator) Of 28.5 BTUI/S.
The discontinuity at 705 R is because of the compressor outlet (T,) equaling the
maximum phase change temperature of water. As the evaporator phase change
temperature (T,) decreases below 705 R, the compressor outlet limitation of 2,270 R
dominates the condenser phase change temperature (T2p). As Ty increases above 705 R,
T, must decrease because of the Ty, constraint.

The T, — T line shows the temperature change produced by the compressor. The
cause of the T, — T slope decreasing at 705 R is because T, will contribute to the slope

change above 705 R, whereas T; is the sole cause of the change at T less than 705 R.
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The condenser phase change minus evaporator line (T2p-T1) shows Ty, increases
at a greater rate than Ty, at Ty values less than 705 R. This is important because the
difference in phase change temperatures (T1 and Typ) represents the maximum change in
temperature the heat pump system can achieve. If Ty, is lower than the fluid being
cooled, energy will flow into the condenser and cause a reversal in the cycle.

When Ty is 705 R, the maximum phase change temperature (Tp) and the
compressor outlet temperature (T,) will occur, at an 80% compressor efficiency. Below
705 R, the temperature difference across the condenser (T, — T3) increases as T
decreases. Above 705 R, the T, will approach Ty, causing the condenser temperature

difference (T, — T3) to approach zero.

External Transfer Rates

Improving the heat transfer at the heat exchanger by maximizing the condenser
temperature distribution (T2 — T3) may be counterproductive if the heat transfer rate at
the condenser exceeds the heat exchanger capacity. The external energy transfer rates are

shown in Fig. 11.
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Fig. 10. Maximum energy transfer rates of the condenser and the compressor with an 80% efficient
pump

The purpose is to show transfer rates that are required by the heat pump, without any
constraints from the heat exchanger at the engine. Note that the compressor work is
shown in kilowatts, whereas the heat transfer rates at the condenser and evaporator are
shown in BTU/s. Figure 11 shows the compressor work impacts the heat transfer through
the condenser. Below 705 R, the compressor work increases as the compressor exit
pressure increases. At 705 R, the amount of compressor work is the greatest to maintain
28.5 BTU/s of cooling for the high-energy device. The T; value of 705 R correlates with
the maximum condenser temperature profile from Fig. 9. As the evaporator temperature
increases above 705 R, the difference between the two phase change pressures (from
point 1 to point 2) decreases; reducing compressor work. The more efficient systems are

those that input little work and transfer the required energy through the evaporator.
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To put the compressor power in another perspective, the 40 kW compressor
power is equivalent to approximately 56 horsepower. As a point of comparison, an

outboard motor for a small boat is frequently rated at 50 HP.

Compressor Efficiency

A higher compressor efficiency will allow the compressor to achieve higher
pressures at given work input. By generating a new refrigeration cycle at each T; at the

given compressor efficiencies, the impact from the compressor efficiency on T, and T,

can be examined in Fig. 12.
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Fig. 11. Effects of compressor efficiency on phase change temperatures

When the maximum T, values reach the phase change limit for water of 1,160.2 R, each
line becomes constant (horizontal). As the compressor efficiency increases, the

maximum Ty, limit for water will be reached at a lower device cooling temperature (T1).
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At agiven Ty less than 670 R, an improvement of 5% (i.e. 85% to 90%) compressor
efficiency will produce approximately 15 R increase to the maximum T, At a given Ty,
less than 1,160.2 R, an improvement of 5% compressor efficiency will produce
approximately 14 R decrease the minimum T;. High Ty values are desired for a high Top.
Using the same process as Fig. 11 and recording the T, values, the effect of the

compressor efficiency and Ty and T, is shown in Fig. 12.
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Fig. 12. Effects of compressor efficiency on compressor exit temperature (T,)

The effects on the compressor exit temperature (T,) become apparent at temperatures
above 725 R. The lower evaporator temperatures are desired to achieve a high To.
Figures 11 and 12 must both be considered as both high T, and high T, are important for
the transfer of energy into the bypass section, because they will be used for the Tcoolant

term in Eq. 6. The optimum evaporator temperature is still not clear until the heat pump,
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bypass heat exchanger, and engine cycle are all considered in the analysis. From this

point on, the compressor efficiency will remain constant at 80%.

Bypass Heat Exchanger

Two heat exchanger and two heat pump configurations have been compared using
the reference engine conditions. By using the outer (single surface) or both the inner and
outer annulus surfaces (dual surface) of the bypass section for the transfer of energy from
the coolant to the bypass air, the relationship between the length of bypass section
required and supportable power classes has been found. Maximum power levels are
shown for the respective cooling temperatures for the laser and microwave devices. The
analysis is repeated for a cascaded heat exchanger (two heat exchangers in series). The
required thermal transfer rates through the heat exchanger (Qcongenser) are shown at
supportable device power classes. And finally, the thermal resistances of the coolant,

pipe material, and the air has been compared.

Single Heat Pump, Single Surface Heat Exchanger

The heat exchanger in the engine bypass duct is the component of the thermal
management that controls the flow of energy. The heat exchanger between points 4 and 1
is not part of this analysis because of the uncertainty in the thermal storage device design.
All of the energy is assumed absorbed by the evaporator. Thus, the thermal transfer rate
(Qevaporator) 1S NOt constrained. Also, the mass flow rate of the coolant does not limit the
device power class (Qevaporator) DeCause the mass flow rate can be increased to handle a

larger Qevaporator- ONCe the energy is transferred into the bypass air, the thermal energy

36



can flow out of the engine without any restrictions. All that remains of the thermal
management cycle is to determine the thermal transfer rate of the heat exchanger at the
bypass duct.

As shown in Eq. 6, the temperature difference (Tcoolant — T1g) across the heat
exchanger influences the rate of heat transfer. As an aircraft flies a mission, the
atmospheric conditions, the fan total temperature ratio (tf) and the bypass section inlet
Mach number impacts the temperature of the air entering the bypass section. For
example, an engine operating at the reference conditions (Table 1), and with an operating
altitude of 20,000 feet, a Mach number of 0.8, and a 17 of 1.49, the temperature of the
bypass section is approximately 700 R. The coolant temperature must be greater than the
temperature of the bypass air. Since the lowest temperature of the steam occurs during
the condenser phase change (point 2p — 3), the heat transfer from the mixed liquid/vapor
will require the longest length of heat exchanger. As the temperature of point two
(see Fig. 2) increases, the required heat exchanger length will continue to decrease.

At the design point of the engine (see Table 1), the length of a single surface heat
exchanger required to transfer the waste heat from a 100 kW laser (foc = 0.06, Qevaporator =

5.69 BTUY/s) is shown in Fig. 14.
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Fig. 13. Maximum energy transfer rates of the condenser with a 100kW laser and an 80% efficient
heat pump compressor

The temperature profiles used for the evaporator, compressor exit, and condenser phase
change was from Fig. 9. The bypass section length was computed at a given T, by
discretizing the heat exchanger into small increments, finding heat transfer rate of every
increment (based on Eqg. 6), and summing all of the lengths together. This heat exchanger
is the single surface configuration shown in Fig. 4. The section length decreases with the
increasing T, primarily because of the increased temperature profile between points 2 and
3 (Fig. 2). The required bypass length reduces more rapidly when T; is less than 705 R
because of the maximized T, (at 2,270 R) and the increasing Top. When Ty is increasing
higher than 705 R, the primary cause of the reduction in bypass length is T; and T,
approaching Tap.

Because the length of the bypass section of the reference engine (see Table 1) is
6.07 feet, an evaporator temperature (T;) less than 544 R (or 84 °F) will not dissipate all
of the energy to complete the phase change and will not maintain the vapor-compression

cycle’s equilibrium. If the thermal storage device required T to be less than 544 R and
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the laser power is fixed at 100 kW, then the thermal load of 5.69 BTU/s must be lowered
by using the duty cycle factor (fpc) in Fig. 8 or by changing the heat exchanger type.
The discontinuity at 705 R is caused by the imposed limit of a maximum T, of
1,125 R. Although T, limit can be at the phase change temperature of water is 1,164 R,
the Ty, limit was chosen to utilize the mixed liquid vapor region under the vapor dome
(Fig. 2). The discontinuity is caused by an increase in the heat transfer coefficient of the
coolant while the linear interpolation algorithm changed modes from a constant T,
increasing pressure (point 2), to a constant pressure (point 2) and decreasing T,. This

effect will reoccur during the T, and the Ty, limit transitions.

Single Heat Pump, Dual Surface Heat Exchanger

The dual surface heat exchanger shown in Fig. 6 can be used to give additional
energy transfer capability. Using the 100 kW laser (foc = 0.06, Qevaporator = 5.687 BTU/Ss)
from Fig. 13, Fig. 14 compares the dual surface heat exchanger with the single surface

heat exchanger.
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Fig. 14. Heat exchanger lengths for a 100kW thermal management system at a range of evaporator

temperatures

The minimum evaporator temperature, for a 6.07 foot bypass, is now reduced from 544 R

to 536 R (or 76.3 °F) for the dual surface heat exchanger. Even though surface area is

almost doubled between the single and double heat exchangers, the required length of the

dual surface heat exchanger is not half because the velocity is also halved, reducing the

heat transfer coefficient and the net heat exchange.

Device Power Class and Bypass Length

The effects of increasing the device power class will be examined so that a

maximum power class can be found for a range of T, and bypass length, instead of

finding the bypass length with a 100 kW device power class. At the design point of the

engine, a 500 kW and a 1 MW device with identical parameters are compared and are

shown in Fig. 15.
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Fig. 15. Heat exchanger lengths for a 500 kW and a 1 MW thermal management system showing
minimum evaporator temperatures

For a 6.07 ft bypass section length, a 1 MW device with a single surface heat exchanger
can be cooled with a minimum T; of 645 R. A dual surface heat exchanger with the same
bypass length can transfer the same amount of waste heat at a T; as low as 599 R.

Increased power classes are shown in Fig. 16.
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Fig. 16. Heat exchanger lengths for a thermal management system showing minimum evaporator
temperatures for a variety of device power levels

The 5 MW device with a 6.07 ft bypass section cannot be cooled using a single surface
heat exchanger, because the corresponding line in Fig. 16 does not extend below the 6.07
heat exchanger length at any T;. If a5 MW device is needed, a dual surface heat
exchanger or multiple engines with heat exchangers is required. Thus far, the data has

been applied to a wide range of devices. A more specific case may be useful.

Maximum Laser Class with Single Heat Exchanger

To find a maximum laser device power class, the cooling temperature will be
assumed to be 527.5 R, as defined on page 26. Setting the evaporator temperature (T1) to
527.5 R and by using Fig. 9, the maximum temperature at the exit of the compressor (T>)
will be 2,270 R and the phase change temperature of the condenser (T,-T3) will be 792.9
R. Using Fig. 16, the thermal management system at the engine design point (Table 1),
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can support a 26 kilowatt device for a single surface heat exchanger. A dual surface heat

exchanger can support a 46 kilowatt device as shown in Table 3.

Table 3. Maximum supported laser power using a single heat pump at the reference flight condition

Maximum laser class [kW] 26 45
Heat exchanger type| Single surface | Dual surface

Evaporator temperature, T, [R] 527.5
Condenser phase-change temperature, T, [R] 792.9
T2 [R] 2,270

Compressor work [kW] 1.8 3.0

Coolant mass flow rate [lbm/s]{ 1.881E-03 3.256E-03
heat transfer rate of condenser [BTU/s] 3.15 5.45

The maximum power classes were found by assuming a laser power and solving for the
heat exchanger length. The device power level was adjusted until the heat exchanger
length was approximately equal to the bypass section length. The maximum power class
is 26 kW for the single surface heat exchanger and 45 kW for the dual surface heat
exchanger. The maximum power class is relatively low because the low T; causes a low
Top. The low Ty, causes a low temperature difference between the T, and the bypass air
temperature, reducing the heat transfer rate in Eq. 6. If the coolant temperature (T,) was
further increased, the phase change temperature (T,,-T3) and the thermal transfer rate

(Qcondenser) could both be increased.

Maximum Microwave Class with Single Heat Exchanger

For a typical microwave device, the coolant temperature at (T, — T;) is 617.4 R, as
defined on page 26. Because the microwave device coolant temperature (T, = 617.4 R) is
higher than the laser coolant temperature (T; = 527.5 R), Ty, of the microwave heat pump

will be higher than the laser Ty, The higher Ty, causes an increased energy transfer at
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the bypass heat exchanger (point 2 — 3) and an increased microwave device power class,
as shown,

Table 4. Maximum supported microwave power using a single heat pump at the reference flight

condition
Maximum microwave class [KW] 468 1,358
Heat exchanger type| Single surface | Dual surface

Evaporator temperature [R] 617.4
Condenser phase-change temperature [R] 973.9
T, [R] 2,270

Compressor work [kW] 59.2 110.4

Coolant mass flow rate [lbm/s]| 6.637E-02 1.237E-01
heat transfer rate of condenser [BTU/s] 97.54 181.85

The maximum power class for the microwave device is 468 kW and 1,350 kW with the
single and dual surface heat exchanger, respectively. Reviewing from Table 3, the
maximum laser power with a single heat pump is 26 kW and 45 kW with the single and
dual surface heat exchanger, respectively. At the reference flight condition (Table 1), the
microwave power is 18 and 30 times greater than the laser power, for the single and dual
surface heat exchangers, respectively. However, there is another heat pump
configuration capable of providing a higher temperature profile across the bypass heat

exchanger (point 2 — 3) and maximum device power class.

Cascaded Heat Exchanger
By combining two heat pumps serially into what is known as a cascade cycle, the
overall change in temperature, between the thermal storage device (T;) and the bypass

heat exchanger (T, — T3), can be greatly increased.
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Fig. 17. Cascade cycle showing multiple heat pumps

The filled arrows show the external transfer of energy with devices outside of the
cascaded heat pump, like compressor work, QthermaistorageDevice, 8Nd Qpypassair. The dotted
arrows show the internal transfer at the intermediate heat exchanger.

The first stage heat pump evaporator (point 4 — 1) will receive energy
(QhermalstorageDevice) directly from the thermal storage device. The first stage compressor
(point 1 — 2i) will generate the maximum change in temperature to point (T2). The first
stage condenser (point 2i — 3i) will exchange energy with the second stage evaporator
(point 4i — 1i) at the intermediate heat exchanger. The energy transfer rate at the
intermediate heat exchanger (QintermadiateHeatexchanger) Will be higher than QrhermalstorageDevice
because of the added work from the first stage compressor (point 1 — 2i). The higher rate
of thermal transfer at the second stage evaporator (point 4i — 1i) will required a higher
coolant mass flow rate in the second stage heat pump. The coolant for the first and

second-stage heat pumps will remain water. The second stage will use a second
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compressor (point 1i — 2) and will exchange energy with the bypass heat exchanger (point
2 —3). The first and second stage compressors can be physically integrated into a single
axel compressor for both stages. Another benefit of this cycle is that the intermediate
heat exchanger can be configured in a more efficient configuration for weight and

volume than the bypass heat exchanger.

Maximum Laser Class with Cascaded Heat Exchanger

Cascaded heat pumps will be applied to the laser device requirements defined in
the Maximum Laser Class with Single Heat Exchanger, on page 42. The first stage
evaporator temperature (T4 — T1) will be 527.5 R. The coolant will enter the first stage
condenser (Ty) at 2,270 R and exit (T3;) at 792.85 R. The second-stage heat pump
evaporator (point 4i — 1i) will operate at a temperature of 750 R, causing a temperature
differential of 42.85 R at the intermediate heat exchanger. As energy flows from hot to
cold, the first-stage coolant will transfer energy to the cooler second-stage coolant at the
intermediate heat exchanger. In this case, the second stage compressor outlet temperature
(T,) is identical (2,270 R) to the simple heat pump model first analyzed, but the pressure
is higher. This higher pressure will increase the single heat pump Ty, from 792.9 R to the
cascaded T, of 1,160.2 R. The increase of T, by 367.3 R will allow a higher rate of
heat transfer into the engine bypass air. At the reference flight condition (Table 1), the
maximum laser classes that can be supported by cascaded heat pumps for both a single

bypass and a dual bypass surface heat exchanger are shown,

46



Table 5. Maximum supported laser power using cascaded heat pumps at the reference flight

condition
Maximum laser class [KW] 808 1,650
Heat exchanger type| Single surface Dual surface
Evaporator temperature, T, [R] 527.5
First Condenser phase-change temperature, Ty, [R] 792.85
stage T, [R] 2,270
heat Compressor work [kW] 54.65 111.60
pump Coolant mass flow rate [lbm/s] 0.05835 0.11916
heat transfer rate of condenser [BTU/s] 97.75 199.61
Evaporator temperature, T, [R] 750.0
Se(cj:on Condenser phase-change temperature, T, [R] 1,160.2
stage T2 [R] 2,052
heat Compressor work [kW] 188.6 385.0
pump Coolant mass flow rate [lbm/s] 0.2776 0.5669
heat transfer rate of condenser [BTU/s] 276.5 564.6

The cascaded heat pumps can support a maximum laser class of 808 kW and 1.65 MW
for a single a double surface bypass heat exchanger, respectively. Reviewing from the
single heat pump (Table 3), the laser power was limited to 26 kW and 45kW for the
single and dual surface heat exchangers. At this flight condition, the power class was
increased by a factor of approximately 35.

It should be noted that the supportable power class will span a wide range of
values depending on the flight conditions (details found in the Flight Envelope section,
page 65). It should also be noted that the laser class can be doubled when a heat
exchanger is installed within each engine of a dual engine aircraft. The results shown

in Table 5 are a very specific case for a high-energy device with a T; of 527.5 R.

Maximum Microwave Class with Cascaded Heat Exchanger
To further increase the supportable microwave power class, a cascade system

can be applied. The results are shown in Table 6.
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Table 6. Cascade heat exchanger showing the maximum supported microwave system class for a

given configuration

Maximum microwave class [KW] 1,108 2,239
Heat exchanger type| Single surface | Dual surface
Evaporator temperature, T, [R] 617.4
First Condenser phase-change temperature, T,, [R] 974
stage T, [R] 2,270
heat Compressor work [kKW] 90.06 181.98
pump Coolant mass flow rate [lbm/s] 0.10092 0.20394
heat transfer rate of condenser [BTU/s] 148.37 299.81
Evaporator temperature, T; [R] 925.0
Secon| Condenser phase-change temperature, T,, [R] 1,160.2
d stage T, [R] 1,476
heat Compressor work [kW] 101.3 204.7
pump Coolant mass flow rate [Ibm/s] 0.3915 0.7912
heat transfer rate of condenser [BTU/s] 244.4 493.9

The maximum supported high-energy devices, at the reference flight condition (Table 1),
are 1.108 MW and 2.239 MW for a single surface and dual surface bypass heat
exchanger, respectively.

For a more general set of achievable device power classes, a set of charts showing
maximum power levels at a given device coolant temperature can be found in Fig. 32 -

Fig. 35 within Appendix A. The 705 R transition point referred to on page 39 can be
seen in Fig. 32 and Fig. 33.

The cascaded heat pump systems produce a decrease in the heat transfer
coefficient of the coolant between points 2p and 3, causing a decrease in the maximum
laser power between T, of 685 R and 710 R, as shown in Fig. 34 and Fig. 35. Once Ty is
greater than 710 R, the pressure at point 2 and the heat transfer coefficient between points
2p and 3 are constant and the maximum device power will increase with the increased

device cooling temperature (T).
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Temperature profiles showing the evaporator (T1), compressor exit (T, and T»),
and condenser phase change temperatures (Topi and Top) for a range of device power

classes are shown in Fig. 36 — Fig. 39 in Appendix A.

Heat Transfer Rate into Bypass Air
Energy transfer rate into the engine is quantified to model the engine
performance. At reference conditions, the rate of energy transfer into the bypass air

(Qcondenser) @s a function of power class is shown,
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Fig. 18. Total heat transfer rate into the bypass air

The power class used is the previously developed maximum power that can be achieved
at a given evaporator temperature. The behaviors of the cascaded thermal transfer rates
may seem non-intuitive. As the transfer rates are heavily influenced by the temperature
profile, the behavior becomes more intelligible. It is noted the highest power class does
not produce the highest transfer rates. This is due, in part, to the heat pump compressor

adding the greatest amount of work when T, and Ty, are at their respective maximum
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values. The compressor will produce the greatest increase to temperature and pressure at

this point and can be seen in Fig. 9 and Fig. 10.

Thermal Resistance in Bypass Heat Exchanger

A closer examination of the thermal resistance (page 13) preventing the transfer
of energy through the air, the coolant, and the pipe material separating the two fluid flows
will be performed. The results will provide an understanding of how to improve the
performance of the heat exchanger. Within a single case, the thermal resistance of the
coolant can decrease by 23% as it flows through the condenser. While comparing the
resistance in each of the three materials (air, pipe, and steam), the mean phase change
flow properties (between point 2p and 3) will be used to give an understanding of the
relative levels of resistance. The thermal resistance of the single heat pump, single-
surface heat exchanger was found by recording the thermal resistance value at the

maximum power class at a given T;.
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Fig. 19. Thermal resistance at mean point between point 2p and 3, for a single heat pump, single
surface heat exchanger

50



The coolant provides the majority of the resistance to the heat transfer at low
temperatures. Note that the y-axis is a log scale. The thermal resistance of the coolant
decreases most rapidly below T; of 705 R. The discontinuity in the coolant resistance is
caused by the same phenomenon discussed on page 39. Note that the solid pipe material
separating the two fluids provides the least amount of resistance even though the thermal
conductivity of a titanium alloy (~15.8 BTU/(hr-ft-R)) is not remarkably high compared
with common heat exchanger materials, like copper (~232 BTU/(hr-ft-R)) or aluminum
(~137 BTU/(hr-ft-R)). Due to the high temperatures and pressures to be examined in this
paper (T,=2,270 R, P, = 3,190 psi), a single material with high strength at high
temperatures was selected. The thermal resistance of the complete set of thermal
management system configurations, showing the resistance of the outer and inner bypass

surfaces (Fig. 6), can be examined in Fig. 40 — Fig. 43, within Appendix A.

Bypass Heat Exchanger Weight

Using the geometry provided in Fig. 4 — Fig. 6, the density of the steam and pipe
material (Table 2), and the reference engine (Table 1), the weight of the single surface
heat exchanger pipe material is 220 pounds. If a thermal blanket like Fiberfrax® ceramic
fiber blanket is used as the insulation material, the weight of the insulation is 88.6
pounds. The total weight of the coolant in both liquid and vapor form is approximately
162 pounds, leading to a total single surface heat exchanger weight of 470.6 pounds. The
single surface heat exchanger has a weight of 77.57 pounds per foot of bypass section,
parallel to the air flow. A dual surface heat exchanger will have a total weight of
approximately 837 pounds and will have a unit weight of 138 pounds per foot length of

bypass section.
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Engine Cycle — Component Level

The effects of the thermal management system on the engine performance will be
shown by first describing the changes on the engine components. The total temperature
and total pressure of the bypass air will change because of the effects of the bypass heat
exchanger. The amount of energy extracted from the core air, at the low-pressure
turbine, will increase from the 300 kW (required by an airframe electrical systems, Table
1) to include the power required by the heat pump compressor. It will be shown how the
changes to the bypass air and the low-pressure turbine air will impact the mixer,
downwind of the bypass duct and the core. And the next section, Engine Cycle — System
Level, will show how the component changes will impact the engine performance.

It should also be noted this analysis is an on-design analysis, other than the flight
envelope. An on-design analysis assumes an engine optimized to operate at a single
flight condition. The compression ratios, engine size, and component area ratios are
calculated based on ideal operation. An off-design analysis would use a single engine
design and vary the flight conditions, causing a change to many of the internal parameters
like the compression ratios and bypass ratios. The on-design definition will be extended
to include the effects of the high-energy device and thermal management system. The
engine will be optimized to operate at the maximum power class for each coolant

temperature (T,).
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Bypass Duct

The changes to the engine bypass air total pressure and total temperature
represents the change to the bypass air energy, allowing the waste energy to be
incorporated into the engine model. The changes in the bypass air total pressure and
temperature are a combination of the effects of the heat addition from the heat exchanger
(Eq. 7, 13, 14) and the skin friction caused by the bypass walls (Eq. 12 — 14). The net
changes to the bypass air properties for the single heat pump, dual surface case are

shown.
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‘ - = 'Bypass total pressure ratio — Bypass total temperature ratio ‘

Fig. 20. Total pressure and total temperature ratios for the engine bypass section with a dual surface,
single heat pump at the reference flight condition

At the reference engine condition (Table 1), the maximum total temperature ratio (tgp) is
1.046 (increase of 33 R) and the minimum pressure ratio (ngp) is 0.9973 (decrease of
0.076 psi). The increase in stagnation temperature is a relatively low increase compared
to other engine components. As a point of comparison, Table 7 shows the reference
engine total temperatures and pressures at a variety of station numbers to show the

magnitude of the changes in the stagnation air properties.
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Table 7. Stagnation pressures and temperatures of reference engine high-energy device and thermal
management system
Station Number| O | 1 | 2 | 13| 25 3 4 4.5 6 16 | 6A 7 9
Py [psia] |8.3]8.3]|8.1[28.3[28.3[290.7281.9] 86.1 | 28.3 |28.3| 27.1 | 26.0 | 25.5

Tt [R] 485|485|485| 725 725]1,518(3,200] 2,369 1,875| 725] 1,254 3,600( 3,600

For example, the total pressure ratio across the fan (nf) can be found by dividing the total
pressure at point 13 (28.3 psia) by point 2 (8.1 psia), equaling 3.5. The total pressure and
temperature ratio (gp and tap), at the laser device cooling temperature of 527.5 R, is
0.99905 and 1.00045, respectively. The microwave device cooling temperature of 617.4
R will cause a change in mgp and tgp 0f 0.99897 and 1.014, respectively. The full set of
total pressure and total temperature ratio graphs can be found in Fig. 44 — Fig. 47, within
Appendix B.

The discontinuity in Fig. 20 at 3.1 MW is caused by the thermal conductivity and
device power decrease discussed on page 48. The power levels in Fig. 20 correspond

with the device cooling temperatures (T1) as shown in Fig. 35, in Appendix A.

Additional Turbine Electric Power Requirement
An additional electrical requirement on the engine needed to drive the heat pump
compressors. The additional power requirement for each type of thermal management

system is shown in Fig. 21.
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Fig. 21. Thermal transfer rate at the bypass heat exchanger as a function of device power class

Since the cascaded systems have two compressors, Fig. 21 combines both compressor’s
requirements. The single heat pump systems are simply the single compressor workload.
This data was recorded while the data for Fig. 44 — Fig. 47 was being generated. The
decrease in the compressor work, for the single heat pump systems, is due to the
maximum pressure at point 2, in Fig. 2, being achieved. The same phenomenon was
observed in Fig. 10. The cascaded heat pump systems required the maximum compressor
work at the lowest device coolant temperatures, Ti.

In Fig. 21, the decreases in power in the cascaded systems are caused by the
thermal conductivity and device power decrease discussed on page 48. The discontinuity
in the single heat pump systems are caused by the phase change limit of water discussed
on page 39. The power levels in Fig. 20 correspond with the device cooling temperatures
(T1) as shown in Fig. 35, in Appendix A.

The electric power to drive the compressor is generated from the energy within
the air at station 4.5 (Fig. 7) via the low-pressure turbine, because electric power is
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frequently generated from the low-pressure turbine in many current aircraft. The effects
of the additional electric power requirement on the low-pressure turbine air, total

temperature ratio (ty ), can be seen in Fig. 22.
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Fig. 22. Total temperature ratio across low-pressure turbine showing affects of heat pump power
requirements

1y for the reference engine without a high-energy device or thermal management system
is shown by the horizontal line, at 0.8843. As the device power class increases from zero,
the compressor work required for the single heat pump increases (Fig. 21). The required
compressor work will remove additional thermal energy from the air and reduce 7.

Once the power class increases beyond the maximum compressor work point (Fig. 21),
Ty Will return to the reference engine condition without a high-energy device. Because
the cascaded heat pumps required the greatest amount of compressor work at the lowest
power classes, the ty_ratios will be at a minimum at the lowest power classes. The
decrease in power in the cascaded systems and the discontinuity in the single heat pump

systems are caused by the same phenomenon discussed for Fig. 21.
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The total pressure ratios across the low-pressure turbine are shown,
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Fig. 23. Total pressure ratio across low-pressure turbine showing affects of heat pump power
requirements

The effects on the total pressure are similar in shape to the total temperature case in Fig.
22 because my_ is a function of 1y, as shown in Eq. 24. Note the small scale used for the

y-axis in Fig. 22 and Fig. 23.

Mixer

Now that the changes in stagnation air properties across the low-pressure turbine and
bypass air are found, understanding the mixer becomes essential in order to predict the
change in engine performance. Based on Eq. 25, the total temperature ratio across the

mixer is shown in Fig. 24.
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Fig. 24. Total temperature ratio across the mixer showing affects of the thermal management system

As the enthalpy of the air in the engine core is reduced and air in the bypass duct is

increased (because of the change in Ty and tgp), the term in the parenthesis of the

numerator in Eq. 25 is increased. The increase in the value of the numerator causes an

increase in the total temperature ratio of the mixer (tmix). The total pressure ratio across

the mixer is found with Eq. 26 and Eq. 27,
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Fig. 25. Total pressure ratio across the mixer s

howing effects of the thermal management system
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The total pressure ratio if the mixer (mmix) is defined as the ratio of the total air pressure
exiting the mixer (Psa) divided by the total air pressure exiting the core (Pg). Since mtm max
IS a constant, 7m jgeal Causes the change in mmix in Eq. 27. Eq. 26 shows the set of
variables used to find 7 igeal are o, tTm, As/Asa, MFPs, and MFPga, Where o’ is defined

as the ratio of the mass flow rate of station 6 to 16 (Fig. 7). As/Asa and MFPga are the
terms that have the greatest relative change. However, the dominant term is Ag/Asa
causing the increase to mnm, igeal @nd mix. An off-design analysis would not allow the area
ratio to change, but as stated on page 52, this analysis is on-design enabling an engineer

to choose an optimum operating condition, for a given cooling requirement at T;.

Engine Cycle — System Level

Two primary engine performance parameters commonly used to describe engine
performance are uninstalled thrust and uninstalled thrust specific fuel consumption. Both

parameters have been analyzed and the results will be presented.

Uninstalled Thrust
The total uninstalled thrust for both the afterburner on and off cases resulted in additional
thrust compared to that produced at the reference engine parameters without the presence

of a high-energy device. The non-afterburner case is shown in Fig. 26.
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Fig. 26. Uninstalled thrust showing the change in a nhon-afterburning engine performance as a result
of the thermal management system

The maximum increase in uninstalled thrust caused by the thermal management
system is approximately 30 pounds (0.18% increase). The maximum decrease is
approximately 5 pounds (0.028% decrease). The lowest power class (x-axis) in Fig. 26 is
32.88 kW. At 32.88 kW, the single heat pump systems cause a reduction in thrust, from
the reference operating condition (Table 1), because the effect of the heat pump
compressor is greater than the thrust increase from the heat addition. For all cases in Fig.
26, the thrust increases as the rate of heat transfer from the thermal storage device
(Qevaporator) Increases and the total compressor work decreases.

In the engine performance figures, the decreases in power in the cascaded systems
are caused by the thermal conductivity and device power decrease discussed on page 48.
The decrease in the power at the discontinuity in the single heat pump systems are caused
by the phase change limit of water discussed on page 39. The power levels, on the x-
axis, correspond with the device cooling temperatures (T1) as shown in Fig. 35, in
Appendix A.

The uninstalled thrust produced in an afterburning engine can be seen in Fig. 27.
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Fig. 27. Uninstalled thrust showing the change in a afterburning engine performance as a result of
the thermal management system

The maximum increase in thrust from the reference engine operating condition is
approximately 28 pounds (0.098% increase) and the maximum decrease is approximately
35 pounds (0.12% decrease). When comparing Fig. 27 and Fig. 26, the relative thrust in
the afterburning case decreases to a lower thrust than the reference condition, at high
device power levels. The high power levels in the non-afterburning case show an
increase in power from the respective reference condition. Because of the additional
thermal energy from the bypass section, the afterburner inlet (station 6A) will be a higher
temperature than the reference condition, and the amount of fuel required to raise the
temperature to the afterburner temperature limit (3,600 R) will decrease. Equation 28
shows the thrust as a function of the exit velocity (V). Vg is found using tuag (hr7/hto),

which is lower than the reference condition, for the high device power regime.

Uninstalled Thrust Specific Fuel Consumption
Typically, lower thrust specific fuel consumption, S, values are desirable because

a decrease indicates a higher level of fuel efficiency. S is a measure of mass flow rate per
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unit of thrust (Eqg. 30). Using the thrust results from the preceding section, the main

burner fuel mass flow rates are combined to create in Fig. 28.
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Fig. 28. Uninstalled thrust specific fuel consumption showing the change in a non-afterburning
engine performance as a result of the thermal management system

The maximum response of S, in the non-afterburning case, is an increase of 0.00025 1/hr
(0.23% increase) and a decrease of 0.002 1/hr (1.86% decrease). In all of the cases

in Fig. 28, the main burner mass flow rates of the fuel are constant. Because of the
constant fuel mass flow, when the thrust increases, S decreases. Therefore, the trend of
S, in Fig. 28, is inversely proportional to the non-afterburning uninstalled thrust case,

in Fig. 26.

S is shown for the afterburning engine in Fig. 29.
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Fig. 29. Uninstalled thrust specific fuel consumption showing the change in an afterburning engine
performance as a result of the thermal management system

The maximum response of S, in the non-afterburning case, is an increase of 0.0005 1/hr
(0.028% increase) and a decrease of 0.0028 1/hr (0.16% decrease). In the afterburning
case, the combustor fuel flow is constant. S is inversely proportional to the thrust
produced (Fig. 27), except for the increase in the heat added to the afterburner inlet by the
bypass heat exchanger (Qcondenser)- AS Qcondenser iNCreases (Fig. 21), S decreases because
of a reduction in the afterburner fuel flow rate required to increase the afterburner inlet

air temperature to the afterburner limit (3,600 R in this case).

Sensitivity Analysis

A sensitivity analysis was performed to give a basic understanding of how the
primary performance parameters will respond to a change in an input variable. The
primary performance parameters and the input variables are discussed on page 24. The
sensitivity analysis includes the two high-energy devices and four heat pump

configurations. The high-energy device cooling temperatures (T,) are based on the laser
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and microwave cooling requirements (527.5 R and 617.4 R, respectively). The heat
pump configurations include the single and dual bypass heat exchange surfaces and the
cascaded and single heat pump systems. The engine configuration is at the reference
values (Table 1). Table 8 shows the results of the sensitivity analysis for the laser cooled

by a single heat pump with a single surface heat exchanger.

Table 8. Sensitivity analysis for a single heat pump, single surface heat exchanger cooling a laser

Variable A variable | A variable / variable;,; | T:[R] LaserPower [W] F_noAB[Ibfl| F([bfl] |S_noAB[1/hr]| S[i/hr] | WorkComp [W]| QdotCond [BTU/s]
Compressor 0.020 0.025 527.5 4.28E+05 1.00E+02 | 2.92E+02| 5.68E+00 |5.16E+00| -3.59E-04 2.78E+01
efficiency
CZ?;:‘; tpelfe -0.00417 -0.200 5275 -2.22E+05 -1.25E+01 |-3.65E+01| -3.07E+00 |-2.85E+00|  1.94E-04 -1.52E+01
Coolant Pipe -0.80 -0.051 527.5 -2.08E+05 -4.94E+01 |-1.44E+02| -2.91E+00 |-2.75E+00|  1.84E-04 -1.45E+01
conductivity
Pipe yield strength -300 -0.032 527.5 -3.27E+05 -7.75E+01 |-2.26E+02| -4.57E+00 |-4.31E+00 2.89E-04 -2.27E+01
Outer rad|us_ of 0.050 0.032 527.5 3.59E+05 7.75E+01 | 2.26E+02| 1.11E+01 | 1.39E+01| -7.04E-04 2.49E+01
bypass section
Lengtsr;glfi::pass 0.33 0.055 5275 3.19E+05 4.55E+01 | 1.33E+02| -5.37E-01 [-3.34E+00|  3.40E-05 2.20E+01
Friction factor of
surface in contact | 0.0090 9.000 527.5 1.17E+03 2.78E-01 | 8.11E-01 | -5.51E+00 |-8.31E+00|  3.50E-04 8.15E-02

with bypass air
Mass flow rate of

the inlet
Aircraft systems
power requirement
excluding the heat
pump compressor
Engine bypass ratio
(o)
Engine core
compression ratio -4.00 -0.111 5275 -1.07E+05 -2.25E+01 |-6.57E+01| -2.44E+03 |-6.22E+02| -7.17E-02 -7.42E+00
()
Engine bypass
compression ratio | -0.250 -0.071 5275 -2.55E+05 -3.50E+01 |-1.02E+02| 1.45E+04 |2.19E+04| -9.79E-01 -1.76E+01

(m)

20.0 0.080 527.5 1.32E+05 3.13E+01 | 9.12E+01 1.76E+04 2.87E+04 -3.45E-03 9.16E+00

50.0 0.167 527.5 6.50E+04 1.50E+01 | 4.38E+01 5.86E+01 1.32E+02 -3.71E-03 4.52E+00

0.050 0.125 5275 1.00E+05 2.00E+01 | 5.84E+01| -2.43E+03 |-2.38E+02| -1.54E-01 6.93E+00

In Table 8, each row lists an input variable (like the compressor efficiency, coolant pipe
diameter, etc). The A variable column shows the change in the system input parameter
when calculating the performance response. The A variable / variablej,;; column shows
the non-dimensionalized form of the input parameter. The T1 column shows the device
cooling temperature used. Each of the remaining columns shows the response of a given
variable to the change in the input (as defined in Eq. 31). If an increase in the
supportable laser power is desired, the row, under the LaserPower column, with the
highest absolute value would cause the greatest change in the laser class per unit of input

variable.
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For example, if the compressor efficiency is changed the performance parameter
that will have the greatest response is the laser power (4.28x10°) followed by the
uninstalled thrust with afterburner (2.92x10%). The performance parameter with the least
response is the compressor work (-3.59x10™). The sensitivity analysis for the complete
set of thermal management system configurations can be found in Table 9 — Table 16, in

Appendix C.

Flight Envelope

High-energy device system capabilities have been examined for a variety of
operating altitudes and Mach numbers. The bypass heat exchanger performance will
change as the bypass section inlet conditions vary due to the modified flight conditions.
Reviewing, the parameters upstream of the bypass section impacting the bypass inlet are
the engine altitude, Mach number at station O (Fig. 7), inlet diffuser, bypass ratio, fan
compressor ratio, and the bypass section inlet Mach number. The recovery factor is a
function of the Mach number at station 0. As the Mach number increases, the recovery
factor increases. The engine inlet diffuser is an inputted constant for the subsonic cases
and increases with the Mach number in the supersonic cases. The equations and process
for calculating the freestream recovery and the diffuser can be found in Mattingly et al.

(2002:102).

Off-Design Analysis
Previously the bypass ratio, fan compression ratio, bypass inlet Mach number,

altitude, and the freestream Mach number were specified for a given on-design reference
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condition. Using the engine test module in the AEDsys® software package, version
4.020, developed by Jack D. Mattingly and David T. Pratt, the reference on-design engine
parameters were used to find the off-design bypass inlet air properties. The off-design
parameters that influence the bypass inlet airflow are the engine inlet mass flow rate, the
bypass ratio, the fan compressor ratio, and the Mach number at the inlet of the bypass
section. Because AEDsys assumes constant air properties through the bypass section, the
computed Mach number at the bypass exit can be assumed that of the inlet. The on-
design engine bypass ratio was modified from 0.4 to 1.4773 to allow the engine to
operate at all conditions of interest (Mach number of 0.1 — 1.2, altitude of 0 — 40,000 ft).
The engine bypass ratio was the only on-design parameter to change for the on-design
analysis. The off-design parameters needed to compute the bypass inlet air properties

were found at a series of points on a grid based on Mach number and altitude, shown

in Fig. 30.
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Fig. 30 Off-design points used for flight regime device operating limits

The altitudes and Mach numbers between points were approximated with a linear

interpolation. This grid allowed for an approximation of a maximum high-energy device
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power level at any point between a Mach number of 0.1 and 1.2 and from sea-level to
40,000 feet.

Using the bypass inlet air property approximations, the maximum device power
was found based on the bypass section size as described on page 43. Additionally, the
device cooling capacity was found for any generic device at the laser or microwave
cooling temperatures (T1). Since an engine may be cooling a device during take-off,
descents, and combat, a set of solutions were found at an engine throttle setting of 80%
and 100%, approximating engine idle and maximum thrust. Because the afterburner is
downstream of the bypass section and will not influence the bypass section, the results of
the afterburner case can be found in the 100% throttle results. More information
regarding engine throttle and on-design and off-design analysis can be found in
(Mattingly et al., 2002).

Because the difference between the maximum laser or microwave device power
class between the 80% and the 100% throttle settings are not easily understood when
examining the individual maximum power and cooling charts, a set of charts showing the
difference between device power classes (80% power minus 100% power) have been
added. A positive value on the difference charts corresponds with an increase in

maximum laser power when the engine reduces the throttle.

Device Power Class, at 100% Engine Throttle

As an example, the 100% throttle, maximum laser power chart is shown in Fig.

31.
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Fig. 31. Mach number vs. altitude plot of maximum supportable laser power [MW] at 100% engine
throttle

The overall result for a laser device being cooled by a single heat pump is shown in Fig.
31 (aand b). Because the temperature difference between the bypass air and the coolant
(T2p = 793 R, Fig. 2) is greater at high altitudes and low Mach numbers (low bypass air
inlet temperature), the higher powered lasers can be supported in this flight regime.
Because the cascaded system’s heat exchanger coolant temperature (To, = 1,125
R, Fig. 17) is over 300 R higher than the single heat pump Ty, the temperature difference
does not dominate the supportable laser power with the cascaded heat pumps, shown
in Fig. 31, cand d. As the engine increases altitude and decreases Mach number, the heat
transfer coefficient of the bypass air decreases because of a decreasing bypass air density,

velocity, and thermal conductivity, as shown in Eqg. 8.
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The set of 100% engine throttle Mach number versus altitude figures for the
maximum power and cooling capacity of the laser and microwave devices are shown
in Fig. 48 — Fig. 51, within Appendix D. The 80% throttle counterpart solutions are
found in Fig. 52 — Fig. 55, within Appendix D. Finally, the difference between the 80%
and 100% throttle settings of the device power and cooling capacity are shown in Fig. 56
— Fig. 59, within Appendix D.

The microwave device cooled by a single heat pump (Fig. 49, a and b) maintains
a coolant temperature (Tp) of 974 R. This Ty, does not allow either the temperature
difference across the bypass heat exchanger or the coefficient of heat transfer of the
bypass air to dominate the supportable power class, up to an altitude of approximately
32,000 feet or a Mach number less than 0.6. This altitude and Mach region supports a
relatively constant supportable power class (x50 kW).

A microwave device (Fig. 49, c and d) and laser device (Fig. 48, ¢ and d) cooled
by cascaded heat pumps respond to altitude and Mach number in a similar fashion in that
the bypass air coefficient of heat transfer dominates the supportable device power class.
Because the microwave Ty and Ty, are higher than the laser device, the overall
supportable microwave device power class is approximately 45% higher than the laser,
with the cascaded heat pumps.

For all devices analyzed at an engine throttle setting of 100% (Fig. 48 — Fig. 51),
the effect of increasing the heat exchanger surface area from a single to both sides of an
annulus increased the cooling capacity by 88.58% £6.26%. The increase was found by
comparing the single and dual sided heat exchanger at every Mach number and altitude

point for each heat pump configuration.
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Device Power Class, at 80% Engine Throttle

The effects of the reduction in engine throttle from 100% to 80% increased the
maximum laser and microwave device power and laser operating region for the single
heat pumps (Fig. 56 — Fig. 59, a and b). The maximum laser power remains in the high
altitude, low Mach number region, and the maximum microwave power remains in the
low altitude, low Mach number region. The constant microwave power region at 80%
throttle (Fig. 53, a and b) is smaller than the 100% (Fig. 49, a and b) with a more gradual
reduction in power level with increasing Mach number and altitude.

The maximum power with the single heat pump systems (Fig. 56 — Fig. 59, ¢ and
d) are more sensitive to the throttle setting than the cascaded heat pump systems (Fig. 56
— Fig. 59, a and b), because the reduction in throttle setting will reduce the fan
compression ratio, reducing the bypass inlet temperature. For the cases of a single heat
pump systems cooling a laser device (Fig. 56 and Fig. 58, a and b), the maximum device
power will increase the most where T, and the bypass air temperature are equal.

The response to the throttle setting with the cascaded heat pumps (Fig. 56 — Fig.
59, ¢ and d) are dominated by the heat exchanger temperature gradient and the coefficient
of heat transfer of the air in opposite regions. The temperature gradient becomes more
dominant in the high Mach number, low altitude regions, and causes the increase in
maximum device power. The coefficient of heat transfer of the bypass air becomes more
dominant in the low Mach number and high altitude regions, and causes the decrease in
maximum device power.

The relative magnitude of the change in power class in the cascaded systems is far
less than that of the single heat pump systems. For example, in Fig. 56, the maximum

increase in power level in subplot b is 0.21 MW and in subplot d is 0.11. The increase in
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subplot b was approximately 30%, whereas the increase in subplot d was approximately

4%.
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V. Conclusions and Recommendations

Conclusions

This research explored the capabilities and effects of a thermal management
system on a mixed bypass turbofan. Thermal energy was modeled from a storage device
and through single and cascaded water-based, heat pumps. The energy was transferred
into the bypass air through a single and dual surface heat exchanger.

A megawatt class high-energy laser can be cooled by a cascaded heat exchanger,
within operationally relevant timeframes. Within the defined constraints, a single heat
pump cannot generate the required increase in coolant temperature and pressure to be a
feasible option. A megawatt class microwave emitter can be cooled by any of the
thermal managements systems modeled. The dual surface bypass heat exchanger
approximately doubles the heat transfer rate of the single surface heat exchanger. When
choosing a specific thermal management system, the flight envelope has a significant
impact on the optimum configuration.

It has been shown effects of the high-energy device and the thermal management
system, including the power requirements of the heat pump compressors, have a minimal
impact on the engine uninstalled thrust and uninstalled thrust specific fuel consumption.

A reduction from 100% to 80% (idle) engine throttle improved the laser and
microwave device cooling performance of the single heat pumps systems. Cascaded heat
pump cooling improved in the low altitude, high Mach number region and decreased in

the high altitude, low Mach number region.
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Additional engineering will need to be performed when designing an airframe for
the thermal management system. Some examples may include a larger engine housing
capable of supporting a larger and heavier engine, a larger fuselage to support the
volumetric and weight requirements of a new thermal management system, and an
overall higher weight and drag force caused by a potentially heavier airframe and larger
fuselage. These design requirements are very real considerations that must be accounted

for, but are outside the scope of this report.

73



Recommendations

A thermal management option was examined late within this project to exploit the
full phase change properties of water and eject the spent vapor directly into the engine
exhaust. A cooling temperature could be set with a precise vacuum pressure on stored
water and a single or set of vacuum pumps could be used to draw the water through a
thermal storage device, or potentially the high-energy device itself. The vaporized water
could then be ejected into the engine exhaust, alleviating any need for a heat exchanger,
high temperature and pressure compressor, and expansion valve. In this case, the lower
the desired coolant temperature, the greater is the heat of vaporization of water and the
less water is required to cool a given device. A preliminary analysis showed a pressure
of 0.3632 psi would limit a device coolant temperature to 70 °F and the heat of
vaporization to 1,053.9 BTU/Ibm. A 1 MW laser with a 10% efficiency and 20 second
lase time would produce 17,060 BTU. The mass of water required to absorb the given
power is 16.19 Ibm. The volume required to contain this amount of water is 0.260 ft® or a
7.7in X 7.7in X 7.7in cube. With this little amount of mass used for each laser firing,
many high-energy device firings could be cooled in a single mission. The benefits of this
type of cooling scheme is a recovery time only limited by the flow rate of the water
vapor. Additionally, the weight of the thermal management system is far less than a
closed heat pump system. Finally, water provides good operational utility as it is readily
accessible to support units, inexpensive to purify, and has negligible environmental
impact.

The pipe geometry of the bypass heat exchanger was chosen to minimize the

pressure losses due to skin friction and blockage of the airflow. The design weight could
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be reduced by channeling the flow into traditional pipes running parallel to the airflow,
within the heat exchanger airstream. The new configuration will also increase the surface
area and the heat transfer rate. As the airflow will act as a boundary between the edges of
the bypass section and the hot pipe, insulation material will not be needed. Due to the
small distance between the inner and outer surfaces of the bypass section (may be 3 -5
in) smaller pipes are desirable. However as the pipe diameter decreases, the pressure
losses across the condenser will increase. The analysis of the trade-space between pipe
diameter, flow velocity, and pipe configuration is useful for further optimization.

Water provides a good refrigerant medium at high temperatures. When
examining cascaded heat pump systems for the colder first stage, a different coolant type,
operating at a higher range on its vapor dome, could significantly increase the total
system efficiency and high-energy device supported.

The heat pump compressor efficiency was identified as the most critical
component to affect the maximum power class. An investigation of the maximum
achievable compressor efficiency is useful. Additionally, the method of providing work
to the heat pump compressor should be analyzed. In this report, the inefficiencies in
converting the electrical energy generated at the low-pressure turbine back to mechanical
energy at the heat pump compressor, and finally transferring the mechanical work into
the coolant were not closely examined. It was suggested that a heat pump compressor
could be used that has a turbine and two compressor stages on a single axel. There may
be a benefit in using bleed air from the engine compressor to power a turbine at the heat
pump compressor. Lastly, an assessment of the design choice between a piston

compressor or an axial compressor at the heat pump should be performed.
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Appendix A: General Results for Thermal Management Cycles
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Fig. 32. Achievable device power class for a single surface bypass heat exchanger, single heat pump,
at reference flight conditions
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Fig. 33. Achievable device power class for a dual surface bypass heat exchanger, single heat pump, at
reference flight conditions
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Fig. 34. Achievable device power class for a single surface bypass heat exchanger, cascaded heat
pumps, under reference conditions
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Fig. 35. Achievable device power class at given evaporator temperature for a dual surface bypass
heat exchanger, cascaded heat pumps, under reference conditions

78



2,500

2,300 ~

2,100 ~
1,900 +
1,700 ~
1,500 +

1,300 +

Temperature [R]

1,100 ~
900 ~

700 -

500 T T T
0 1,000,000 2,000,000 3,000,000 4,000,000

Power Class [W]

- Tl —T2 — -T2p

Fig. 36. Temperature profile at given power class for a single surface bypass heat exchanger, single
heat pump, under reference conditions
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Fig. 37. Temperature profile at given power class for a dual surface bypass heat exchanger, single
heat pump, under reference conditions
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Fig. 38. Temperature profile at given power class for a single surface bypass heat exchanger,

cascaded heat pumps, under reference conditions
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Fig. 39. Temperature profile at given power class for a dual surface bypass heat exchanger, cascaded

heat pumps, under reference conditions
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Fig. 41. Thermal resistance at the condenser mean phase change point for the single heat pump with

a single surface heat exchanger
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Fig. 42. Thermal resistance at the condenser mean phase change point for the cascaded heat pumps
with a single surface heat exchanger
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Appendix B: Engine Effects from the Thermal Management Cycles
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Fig. 44. Total temperature and total pressure ratios for the single heat pump, single surface heat
excahnger
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Fig. 45. Total temperature and total pressure ratios for the single heat pump, dual surface heat
exchanger
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Fig. 46. Total temperature and total pressure ratios for the cascade, single surface heat pump
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Fig. 47. Total temperature and total pressure ratios for the cascade, dual surface heat pump
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Appendix C: Sensitivity Analysis Results

Table 9. Sensitivity analysis for a single heat pump, single surface heat exchanger cooling a
laser device

Variable A variable | A variable / variable;;; | T:i[RI LaserPower [W] | F_noAB [Ibf]| F[Ibfl |S_noAB[1/hr]| S[1/hr] | WorkComp [W]| QdotCond [BTU/s]
Compressor 0.020 0.025 527.5 4.28E+05 1.00E+02 |2.92E+02| 5.68E+00 |5.16E+00| -3.59E-04 2.78E+01
efficiency
T :
CZ?a?:;gfe -0.00417 -0.200 527.5 -2.22E+05 -1.25E+01 |-3.65E+01| -3.07E+00 |-2.85E+00|  1.94E-04 -1.52E+01
COOIamP'P © -0.80 -0.051 527.5 -2.08E+05 -4.94E+01 |-1.44E+02| -2.91E+00 |-2.75E+00|  1.84E-04 -1.45E+01
conductivity
Pipe yield strength -300 -0.032 527.5 -3.27E+05 -7.75E+01 | -2.26E+02| -4.57E+00 |-4.31E+00 2.89E-04 -2.27E+01
Outer radlus_ of 0.050 0.032 527.5 3.59E+05 7.75E+01 | 2.26E+02| 1.11E+01 | 1.39E+01| -7.04E-04 2.49E+01
bypass section
Lengt?es:‘i:gpass 0.33 0.055 527.5 3.19E+05 455E+01 | 1.33E+02 | -5.37E-01 |-3.34E+00|  3.40E-05 2.20E+01
Friction factor of
surface in contact | 0.0090 9.000 527.5 1.17E+03 2.78E-01 | 8.11E-01| -551E+00 |-8.31E+00|  3.50E-04 8.15E-02
with bypass air
Mass f
lh!:m;?e of 20.0 0.080 527.5 1.32E+05 3.13E+01 | 9.12E+01| 1.76E+04 |2.87E+04| -3.45E-03 9.16E+00
Aircraft systems
power requirement 50.0 0.167 527.5 6.50E+04 1.50E+01 | 4.38E+01| 5.86E+01 | 1.32E+02| -3.71E-03 4.52E+00
excluding the heat
pump compressor
Engine bypass ratio
(@) 0.050 0.125 527.5 1.00E+05 2.00E+01 | 5.84E+01| -2.43E+03 |[-2.38E+02| -1.54E-01 6.93E+00
o
Engine core
compression ratio -4.00 -0.111 527.5 -1.07E+05 -2.25E+01 | -6.57E+01| -2.44E+03 |-6.22E+02| -7.17E-02 -7.42E+00
(m)
Engine bypass
compression ratio -0.250 -0.071 527.5 -2.55E+05 -3.50E+01 |-1.02E+02| 1.45E+04 | 219E+04| -9.79E-01 -1.76E+01
(m)

Table 10. Sensitivity analysis for a single heat pump, single surface heat exchanger cooling a
microwave device

Variable Avariable | A variable / variable;,; | Ti[Rl | MicrowavePower [W] | F_noAB [Ibfl| F[Ibfl |S_noAB[i/hr]| S[/hr] | WorkComp [W]| QdotCond [BTU/s]
Csfrf?é)i;enscs;r 0.02 0.025 617.4 2.82E+07 3.50E+03 | 7.04E+03 | 4.01E+02 | 3.82E+02| -2.54E-02 2.24E+03
C%?;?;gfe -0.00417 -0.200 617.4 -4.26E+06 -437E+02 | -8.80E+02| -6.03E+01 |-5.74E+01|  3.81E-03 -3.46E+02
Coolant pipe -0.80 -0.051 617.4 -1.38E+07 -1.73E+03 |-3.47E+03| -2.00E+02 |-1.92E+02|  1.26E-02 -1.12E+03
conductivity
Pipe yield strength -300 -0.032 617.4 -2.18E+07 -2.71E+03 | -5.45E+03| -3.15E+02 [-3.03E+02|  1.99E-02 -1.77E+03
Outer radius of
; 0.050 0.032 617.4 2.23E+07 271E+03 | 5.45E+03 | 3.28E+02 | 3.19E+02| -2.08E-02 1.82E+03
bypass section
Leng;hestfi::pass 0.33 0.055 617.4 1.40E+07 1.59E+03 | 3.20E+03| 1.96E+02 | 1.85E+02| -1.24E-02 1.14E+03
Friction factor of
surface in contact 0.009 9.000 617.4 7.80E+04 9.71E+00 | 1.95E+01| -4.37E+00 |-7.20E+00 2.77E-04 6.36E+00
with bypass air
Mas?r:;m:te of 20.0 0.080 617.4 8.73E+06 1.09E+03 | 2.20E+03| 1.77E+04 | 2.89E+04| -1.08E-02 7.11E+02
Aircraft systems
power requirement 50.0 0.167 617.4 4.32E+06 5.24E+02 | 1.06E+03 | 1.07E+02 | 1.71E+02| -6.75E-03 3.52E+02
excluding the heat
pump compressor
Engine bypass ratio
(@ 0.050 0.125 617.4 6.67E+06 6.99E+02 | 1.41E+03 | -2.43E+03 |[-2.84E+02| -1.55E-01 5.43E+02
o
Engine core
compression ratio -4.00 -0.111 617.4 -7.09E+06 -7.87E+02 | -1.58E+03| -2.46E+03 |-6.00E+02| -7.04E-02 -5.77E+02
(m)
Engine bypass
compression ratio -0.250 -0.071 617.4 -8.67E+06 -1.22E+03 | -2.46E+03| 1.12E+04 | 1.70E+04| -7.46E-01 -7.07E+02

()
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Table 11. Sensitivity analysis for a single heat pump, dual surface heat exchanger cooling a
laser device

()

Variable A variable | A variable / variable;,; | T:[R] LaserPower [W] F_noAB[Ibfl| F[bfl |S_noAB [1/hr]| S[1/hr] | WorkComp [W] | QdotCond [BTU/s]
Compressor 0.02 0.025 527.5 -1.10E+06 -5.00E+02 |-9.12E+02| -1.61E+01 |-1.54E+01| 1.02E-03 -8.15E+01
efficiency
CZ?;?;&':)E -0.00417 -0.200 527.5 -1.66E+05 6.25E+01 | 1.14E+02| -2.20E+00 |-2.00E+00|  1.39E-04 -1.10E+01
Coolant pipe -0.80 -0.051 527.5 5.50E+05 2476402 | 450E+02| 7.77E+00 |7.27E+00| -4.91E-04 3.89E+01
conductivity
Pipe yield strength -300 -0.032 527.5 8.64E+05 3.88E+02 | 7.07E+02]| 1.22E+01 |1.14E+01| -7.71E-04 6.10E+01
Outer radlus_ of 0.050 0.032 527.5 -7.99E+05 -3.88E+02 |-7.07E+02| -5.18E+00 |-1.37E+00| 3.28E-04 -5.66E+01
bypass section
Lengt;;gtfif:pass 0.33 0.055 527.5 -2.78E+05 -2.28E+02 |-4.15E+02| -8.98E+00 |-1.13E+01| 5.68E-04 -2.02E+01
Friction factor of
surface in contact 0.009 9.000 527.5 -3.10E+03 -1.39E+00 |-2.53E+00| -5.57E+00 |-8.37E+00|  3.53E-04 -2.19E-01
with bypass air
Mas;:leo;/r\:l;atue of 20.0 0.080 527.5 -3.55E+05 -1.56E+02 |-2.85E+02| 1.76E+04 |2.87E+04| -3.00E-03 -2.50E+01
Aircraft systems
power requirement 50.0 0.167 527.5 -1.63E+05 -7.50E+01 |-1.37E+02| 5.50E+01 | 1.29E+02| -3.48E-03 -1.15E+01
excluding the heat
pump compressor
Engine b(y;;ass ratio] 050 0.125 527.5 -1.89E+05 -1.00E+02 |-1.82E+02| -2.44E+03 |-2.46E+02| -1.54E-01 -1.34E+01
o,
Engine core
compression ratio -4.00 -0.111 527.5 2.22E+05 1.13E+02 | 2.05E+02| -2.43E+03 |-6.15E+02| -7.22E-02 1.58E+01
(me)
Engine bypass
compression ratio | -0.250 -0.071 527.5 4.15E+05 1.75E+02 | 3.19E+02| 1.44E+04 |2.18E+04| -9.73E-01 2.92E+01

Table 12. Sensitivity analysis for a single heat pump, dual surface heat exchanger cooling a

microwave device

()

Variable A variable | A variable / variable;; | T:[R] | MicrowavePower [W] [ F_noAB [Ibf]| F[Ibfl [S_noAB[1/hr]| S([1/hr] | WorkComp [W] [ QdotCond [BTU/s]
Compressor 0.02 0.025 617.4 5.08E+07 2.90E+03 | 5.83E+03| 6.61E+02 | 5.96E+02| -4.18E-02 4.05E+03
efficiency
C%?;?;g:)e -0.00417 -0.200 617.4 -7.80E+06 -3.62E+02 |-7.29E+02| -9.91E+01 |-8.80E+01|  6.26E-03 -6.36E+02
Coolant pipe -0.80 -0.051 617.4 -2.48E+07 -1.43E+03 |-2.88E+03| -3.20E+02 |-3.00E+02|  2.08E-02 -2.03E+03
conductivity
Pipe yield strength -300 -0.032 617.4 -3.92E+07 -2.24E+03 | -4.52E+03| -5.18E+02 | -4.73E+02 3.28E-02 -3.21E+03
Outerradlus_ of 0.050 0.032 617.4 4.05E+07 2.24E+03 | 452E+03| 5.38E+02 | 4.93E+02| -3.40E-02 3.31E+03
bypass section
Lengtsr;gfi:;/pass 0.33 0.055 617.4 2.55E+07 1.32E+03 | 2.65E+03| 3.26E+02 | 2.91E+02| -2.06E-02 2.08E+03
Friction factor of
surface in contact 0.009 9.000 617.4 1.40E+05 8.04E+00 | 1.62E+01| -3.63E+00 |-6.57E+00|  2.30E-04 1.15E+01
with bypass air
Mas?hftleom:te of 20.0 0.080 617.4 1.55E+07 9.05E+02 | 1.82E+03| 1.78E+04 | 2.89E+04| -1.56E-02 1.27E+03
Aircraft systems
power requirement 50.0 0.167 617.4 7.84E+06 434E+02 | 8.75E+02| 1.37E+02 | 1.90E+02| -8.67E-03 6.41E+02
excluding the heat
pump compressor
Engini rati
9 eb(yp)ass atof 0,050 0.125 617.4 1.22E+07 5.79E+02 | 1.17E+03| -2.44E+03 |-3.40E+02| -1.54E-01 9.97E+02
a,
Engine core
compression ratio -4.00 -0.111 617.4 -1.30E+07 -6.52E+02 |-1.31E+03| -2.46E+03 |-5.62E+02| -7.01E-02 -1.06E+03
(me)
Engine bypass
compression ratio -0.250 -0.071 617.4 -1.60E+07 -1.01E+03 |-2.04E+03| 9.20E+03 | 1.40E+04| -6.07E-01 -1.31E+03
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Table 13. Sensitivity analysis for a cascaded, single surface heat pump cooling a laser device

()

Variable A variable | A variable / variablej,; | T:[R] LaserPower [W] F_noAB [Ibfl| F[bfl |S_noAB [1/hr]| S[1/hr] | WorkComp [W] | QdotCond [BTU/s]
Compressor 0.02 0.025 527.5 2.56E+07 -1.10E+03 | 1.24E+04 | 9.21E+02 | 1.24E+03| -5.82E-02 6.97E+03
efficiency
CZ?;?:;&:)E -0.00417 -0.200 527.5 -3.45E+06 1.38E+02 |-1.55E+03| -1.21E+02 |[-1.62E+02 7.62E-03 -9.67E+02
Coolant pipe -0.80 -0.051 527.5 -1.22E+07 5.43E+02 |-6.14E+03| -4.55E+02 |-6.15E+02|  2.88E-02 -3.49E+03
conductivity
Pipe yield strength -300 -0.032 527.5 -1.93E+07 8.53E+02 |-9.63E+03| -7.17E+02 |-9.68E+02|  4.53E-02 -5.50E+03
Outerradlus_ of 0.050 0.032 527.5 1.99E+07 -8.52E+02 | 9.63E+03| 7.33E+02 | 9.88E+02| -4.63E-02 5.65E+03
bypass section
Lengtsr;;fi:r)]/pass 0.33 0.055 527.5 1.24E+07 -5.01E+02 | 5.66E+03 | 4.32E+02 | 5.79E+02| -2.73E-02 3.48E+03
Friction factor of
surface in contact 0.009 9.000 527.5 6.92E+04 -3.06E+00 | 3.45E+01| -2.81E+00 |-4.64E+00| 1.78E-04 1.97E+01
with bypass air
Masfgfm;‘te of 20.0 0.080 527.5 7.73E+06 -3.44E+02 | 3.88E+03| 1.79E+04 | 291E+04| -2.09E-02 2.21E+03
Aircraft systems
power requirement 50.0 0.167 527.5 3.86E+06 -1.65E+02 | 1.86E+03| 1.54E+02 | 2.54E+02| -9.70E-03 1.09E+03
excluding the heat
pump compressor
Engine bypass ratio
9 (yp) 0.050 0.125 527.5 6.17E+06 -2.20E+02 | 2.49E+03 | -2.54E+03 |-4.36E+02| -1.48E-01 1.70E+03
o,
Engine core
compression ratio -4.00 -0.111 527.5 -6.44E+06 2.48E+02 |-2.80E+03| -2.39E+03 |-5.15E+02| -7.47E-02 -1.80E+03
()
Engine bypass
compression ratio -0.250 -0.071 527.5 -7.30E+06 3.85E+02 |-4.35E+03| 6.72E+03 | 1.02E+04| -4.40E-01 -2.15E+03

Table 14. Sensitivity analysis for a cascaded, single surface heat pump cooling a microwave device

()

Variable A variable | A variable / variable;,; | T:[R] | MicrowavePower [W] [ F_noAB [Ibf]| F[Ibfl [S_noAB [1/hr]| S[1/hr] | WorkComp [W] | QdotCond [BTU/s]
Compressor 0.02 0.025 617.4 3.70E+07 2.30E+03 | 1.20E+04| 828E+02 | 9.85E+02| -5.23E-02 3.33E+03
efficiency
CZ?;?:;&:)E -0.00417 -0.200 617.4 -4.80E+06 -2.87E+02 | -1.50E+03| -1.08E+02 |-1.28E+02 6.81E-03 -4.51E+02
Coolant pipe -0.80 -0.051 617.4 -1.77E+07 -1.13E+03 |-5.94E+03| -4.09E+02 |-4.91E+02|  2.58E-02 -1.67E+03
conductivity
Pipe yield strength -300 -0.032 617.4 -2.80E+07 -1.78E+03 |-9.32E+03| -6.44E+02 |-7.73E+02|  4.07E-02 -2.64E+03
Outerradlus_ of 0.050 0.032 617.4 2.88E+07 1.78E+03 | 9.32E+03| 6.62E+02 | 7.93E+02|  -4.18E-02 2.72E+03
bypass section
Lengtsr;;fi:r)]/pass 0.33 0.055 617.4 1.78E+07 1.05E+03 | 5.48E+03| 3.92E+02 | 4.64E+02| -2.47E-02 1.67E+03
Friction factor of
surface in contact 0.009 9.000 617.4 1.00E+05 6.38E+00 | 3.34E+01| -3.11E+00 |-5.40E+00| 1.97E-04 9.46E+00
with bypass air
Mas?hf'laom;at\te of 20.0 0.080 617.4 1.12E+07 7.18E+02 | 3.76E+03| 1.78E+04 | 2.91E+04| -1.89E-02 1.06E+03
Aircraft systems
power requirement 50.0 0.167 617.4 5.58E+06 3.44E+02 | 1.80E+03| 1.48E+02 | 2.28E+02| -9.33E-03 5.26E+02
excluding the heat
pump compressor
Engine bypass ratio
9 (yp) 0.050 0.125 617.4 8.98E+06 459E+02 | 2.41E+03| -2.50E+03 |-4.04E+02| -1.50E-01 8.40E+02
o,
Engine core
compression ratio -4.00 -0.111 617.4 -9.34E+06 -5.17E+02 |-2.71E+03| -2.42E+03 |-5.29E+02| -7.30E-02 -8.77E+02
()
Engine bypass
compression ratio -0.250 -0.071 617.4 -1.16E+07 -8.04E+02 |-4.21E+03| 7.34E+03 | 1.12E+04| -4.81E-01 -1.10E+03
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Table 15. Sensitivity analysis for a cascaded, dual surface heat pump cooling a laser device

Variable A variable | A variable / variable;,; | T:[R] LaserPower [W] F_noAB[Ibfl| F[bfl |S_noAB [1/hr]| S[1/hr] | WorkComp [W] | QdotCond [BTU/s]
Compressor 0.02 0.025 527.5 5.50E+07 -1.70E+03 | 1.12E+04 | 1.03E+03 | 1.23E+03| -6.53E-02 1.44E+04
efficiency
CZ?;?;IZ'PE -0.00417 -0.200 527.5 -7.35E+06 2.13E+02 |-1.40E+03| -1.24E+02 |-1.44E+02|  7.86E-03 -1.99E+03
Coolant pipe -0.80 -0.051 527.5 -2.63E+07 8.39E+02 |-5.53E+03| -5.06E+02 |-6.07E+02|  3.19E-02 -7.22E+03
conductivity
Pipe yield strength -300 -0.032 527.5 -4.13E+07 1.326+03 |-8.67E+03| -7.94E+02 |-9.52E+02|  5.01E-02 -1.13E+04
0uterrad|us_ of 0.050 0.032 527.5 4.34E+07 -1.32E+03 | 8.67E+03| 7.89E+02 | 9.33E+02| -4.99E-02 1.18E+04
bypass section
Lengt;gtfif:pass 0.33 0.055 527.5 2.67E+07 -7.74E+02 | 5.09E+03| 4.48E+02 |5.17E+02| -2.83E-02 7.25E+03
Friction factor of
surface in contact 0.009 9.000 527.5 1.48E+05 -4.72E+00 | 3.11E+01| -2.52E+00 |-4.68E+00|  1.60E-04 4.06E+01
with bypass air
Masigleo;/:lgatue of 20.0 0.080 527.5 1.64E+07 -5.31E+02 | 350E+03| 1.79E+04 | 292E+04| -2.41E-02 4.50E+03
Aircraft systems
power requirement 50.0 0.167 527.5 8.25E+06 -2.55E+02 | 1.68E+03| 1.40E+02 |2.06E+02| -8.82E-03 2.25E+03
excluding the heat
pump compressor
Engine b(y;;ass ratio] 050 0.125 527.5 1.29E+07 -3.40E+02 | 2.24E+03| -2.73E+03 |-7.66E+02| -1.36E-01 3.46E+03
o,
Engine core
compression ratio -4.00 -0.111 527.5 -1.35E+07 3.83E+02 |-2.52E+03| -2.24E+03 |-2.46E+02| -8.43E-02 -3.66E+03
(me)
Engine bypass
compression ratio | -0.250 -0.071 527.5 -1.68E+07 5.95E+02 |-3.92E+03| 4.39E+03 | 6.73E+03| -2.85E-01 -4.68E+03
()

Table 16. Sensitivity analysis for a cascaded, dual surface heat pump cooling a microwave device

Variable A variable | A variable / variable;,; | T:[R] | MicrowavePower [W] [ F_noAB [Ibf]| F[Ibfl [S_noAB [1/hr]| S([1/hr] | WorkComp [W] | QdotCond [BTU/s]
Compressor 0.02 0.025 617.4 7.81E+07 1.70E+03 | 1.08E+04| 1.14E+03 | 1.15E+03| -7.17E-02 6.94E+03
efficiency
C%?;a?ég:)e -0.00417 -0.200 617.4 -1.01E+07 -2.12E+02 |-1.35E+03| -1.43E+02 |-1.44E+02|  9.02E-03 -9.33E+02
Coolant pipe -0.80 -0.051 617.4 -3.74E+07 -8.37E+02 |-5.32E+03| -5.57E+02 |-5.74E+02|  3.52E-02 -3.48E+03
conductivity
Pipe vield strength -300 -0.032 617.4 -5.91E+07 -1.31E+03 |-8.35E+03| -8.76E+02 |-9.00E+02|  5.53E-02 -5.49E+03
Outer rad|u§ of 0.050 0.032 617.4 6.16E+07 1.31E+03 | 8.35E+03| 8.89E+02 | 9.03E+02| -5.61E-02 5.72E+03
bypass section
Leng:;g:i:r{pass 0.33 0.055 617.4 3.75E+07 7.72E+02 | 490E+03| 5.18E+02 |5.14E+02| -3.27E-02 3.47E+03
Friction factor of
surface in contact 0.009 9.000 617.4 2.12E+05 471E+00 | 2.99E+01| -2.27E+00 |-4.92E+00|  1.44E-04 1.97E+01
with bypass air
Mas?hﬂeonlllzte of 20.0 0.080 617.4 2.33E+07 5.30E+02 | 3.37E+03| 1.79E+04 | 2.91E+04 -2.51E-02 2.16E+03
Aircraft systems
power requirement 50.0 0.167 617.4 1.18E+07 2.54E+02 | 1.62E+03| 1.68E+02 | 2.14E+02| -1.06E-02 1.09E+03
excluding the heat
pump compressor
Engine b(yp)ass ratio 0.050 0.125 617.4 1.86E+07 3.39E+02 | 2.15E+03 | -2.61E+03 |-6.49E+02( -1.43E-01 1.72E+03
o,
Engine core
compression ratio -4.00 -0.111 617.4 -1.95E+07 -3.82E+02 |-2.42E+03| -2.33E+03 |-3.34E+02| -7.82E-02 -1.81E+03
(me)
Engine bypass
compression ratio | -0.250 -0.071 617.4 -2.53E+07 -5.94E+02 |-3.77E+03| 4.99E+03 | 7.71E+03| -3.24E-01 -2.36E+03

()
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Appendix D: High-Enerqgy Device and Engine Operation Envelopes
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Single surface, non-cascade, laser

[mIA] Jamod Jase| wnwixe

1o S To B To N Yo SO To NONTo T
MNOOMINSIOONNAAO
Y==Kl =R=f=R=f=f=R=f=R=K=K=]

T T

o o o o
™ N —

40

—~
o)

[mIA] Jamod Jase| wnwixe

L0 [Te] [1o] Lo Te] 0 Lo
MNOOLULSETMOMOANNAAO

[ef=X=f=f=f=fefeleE=X=X==X=K=]

o
N

(1) apnuy

a)

Mach number

Mach number

[MmIA] Jamod Jase| wnwixe

VOYTN VOSTN VOSFN
CQROINONNMAROT N
dadaNdNddHddcccs S o

| -

Dual surface, cascade, laser

40

[MIA] Jamod Jase| wnwixe

0O N 0O < N O N
OO NONLM—A0OT N

madNcNdd-dHddoc0o0ccoco

Single surface, cascade, laser

N

(1) apny

1.2

0.8

0.6
Mach number

0.4

N

o
o o (=] o
™ N —

~

©

1.2

0.8

Mach number

©
o

<
<)

o~
o

o o [}
— -~

©

Fig. 48. Maximum laser power [MW] at 100% throttle
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Dual surface, non-cascade, microwave

Single surface, non-cascade, microwave
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Fig. 54. Maximum laser device cooling capacity [BTU/s] at 80% throttle
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Appendix E: Discrete pressure values used in steam tables (psi)

0.1813
0.3626
0.7252
1.4504
7.2519
14.504
29.008
58.015
87.023
116.03
145.04
217.56
290.08
580.15
870.23
1160.3
1450.4
1740.5
2030.5
2320.6
2610.7
2900.8
3190.8
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