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Abstract 

As directed energy technology continues to evolve and become a viable weapon 

alternative, a need exists to investigate the impacts of these applications without a “plug-and-

check” method, but rather with an analysis governed by fundamental principles. This thesis 

examines the transient thermal loads that a high-energy weapon system introduces into a high 

performance aircraft using fundamental thermodynamic and heat transfer analyses.  

 The high-energy weapon system employed in this research contains power storage, power 

conditioning equipment, optics, and a solid-state laser. The high-energy weapon system is 

integrated into the aircraft by a dedicated thermal management system connected to the onboard 

air and fuel fluid networks. The dedicated thermal management system includes heat exchangers, 

thermal storage, microchannel coolers, valves, and pumps.  Governing equations for the electric 

directed energy weapon subsystem and thermal management system are formulated for each 

system component and modeled in Mathwork’s Simulink
TM

. System models are integrated into a 

generic, high-performance aircraft model created as part of the Air Force Research Laboratory’s 

Integrated Vehicle Energy Technology Demonstration (INVENT) program. The aircraft model 

performs a defined mission profile, firing the directed energy weapon during the high-altitude, 

transonic cruise segment.  

 When firing a 100-kilowatt directed energy weapon system operating at 16.9% 

efficiency, large thermal transients quickly heat downstream onboard systems. Real-time heat 

rejection causes temperature spikes in avionic and environment systems that exceed allowable 

operation constraints. The addition of thermal storage to the thermal management system 

mitigates thermal impacts downstream of the directed energy weapon by delaying the time 

thermal loads are rejected to aircraft, thereby reducing peak and average loads.  Although 

thermal storage is shown to mitigate peak loads in downstream onboard systems, thermal closure 

is yet to be achieved.  

 This research presents a general and fundamental approach to investigating the thermal 

impacts of a directed energy weapon system on a high-performance aircraft. Although specific 
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cases are analyzed, this general approach to model development and simulation is conducive to 

component and system customization for many other cases. Additionally, the supplementation of 

models with analytical, semi-empirical, and empirical data further tailors model development to 

each user’s need while increasing the potential to enhance accuracy and efficacy. Without the 

material expenses of a “plug-and-check” method, component and system level modeling of the 

directed energy weapon system and high-performance aircraft provides valuable insight into the 

thermal responses of highly-coupled systems.   
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Chapter 1 Introduction 

The emergence of directed energy devices has prompted research into the viability of 

their supplementing conventional aircraft technology. These devices offer a versatile suite of 

operational modes when compared to their traditional counterparts, but introduce large power 

and thermal demands into an aircraft system.  As aircraft design shifts towards a more electric 

vehicle, growing power and thermal demands necessitate the conscientious integration, design, 

and control of aircraft systems.  The integration of directed energy devices into a high-

performance aircraft presents a new set of design challenges: power generation, power 

distribution, thermal management, and system integration
1
. This research investigates the power 

and thermal effects of transient high energy weapon subsystems on high-performance aerospace 

systems. 

1.1 Directed Energy 

 Over the past three decades, directed energy devices have continued to gain interest for 

military applications. The potential for a device with many operational modes, such as offensive 

and defensive and lethal and non-lethal has driven the development and mobilization of directed 

energy technology. The potential of these devices is reflected in numerous funded military 

programs that were initiated over this time period. These efforts include the Airborne Laser 

(ABL), Advanced Tactical Laser (ATL), Joint High-Power Solid-State Laser program (JHPSSL), 

Mid-InfraRed Advanced Chemical Laser (MIRACL), High Energy Liquid Laser Area Defense 

System (HELLADS), Solid-State Heat Capacity Laser (SSHCL), Tactical High Energy Laser 

(THEL), Space Based Laser (SBL), FIRESTRIKE, and Free Electron Laser (FEL)
2-4

. These 

efforts have yielded similar results, concluding that directed energy technology needs to mature 

before it can be successfully and feasibly implemented into mobile platforms. However, with 

considerable development over the last decade, directed energy applications have again become 

a realistic possibility
4, 5

. Unlike previous versions, these devices are more compact and now 

sustain multi-kilowatt to megawatt outputs. Nonetheless, they still require rigorous thermal 

management.  

 Directed energy is the strategic deposition of energy onto a target. Many devices, 

including lasers, microwaves, particle beams, and acoustic beams emit energy through different 
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physical phenomena
6
. The coupling of directed energy devices, sensors, optics, control systems, 

and other supporting technology forms a directed energy weapon subsystem (DEWS). For this 

research, a directed energy weapon subsystem is integrated into a high-performance aircraft 

utilizing a directed energy weapon in the form of a laser (Light Amplification by Stimulated 

Emission of Radiation). Lasers are attractive research options; depending on the type, they can 

be scaled over a broad range of power outputs, from one kilowatt to one megawatt.  

 A laser is an inherently inefficient energy conversion process, transforming electrical or 

chemical energy to coherent radiation. A laser executes a combination of fundamental processes. 

An energy source charges an atomic system, storing energy internally and transferring particles 

or electrons from lower to higher energy states. When an electromagnetic wave of appropriate 

wavelength is applied, the charged atomic system releases photons at a similar wavelength, 

dropping the particles or electrons to lower energy states. With the aid of optical equipment, 

radiation coalesces into a powerful beam. 

 This research examines two types of directed energy weapon subsystems, electrical and 

chemical. An electrical DEWS draws and stores energy from the aircraft’s engine to power a 

solid-state laser (SSL) device. A chemical DEWS uses energy extracted from chemical reactions 

to power a chemical oxygen-iodine laser (COIL) device. Two notable tradeoffs exist between 

these two types of lasers: power and size. Current trends have shifted from more powerful, 

cumbersome chemical lasers to less powerful, compact electric lasers. So far, only COIL 

applications have surpassed the megawatt power threshold, with SSL applications achieving only 

multi-kilowatt power outputs. Although a SSL cannot produce the same power, it is smaller in 

mass and volume than a chemical laser. A 100 kilowatt SSL possesses a volume of one cubic 

meter and weighs nearly 3,000 pounds. In contrast, a megawatt class chemical laser fills an entire 

Boeing 747 aircraft and weighs approximately 40,000 pounds. At this time, neither laser 

possesses the necessary compactness or weight to be integrated into high performance aircraft. 

However, even more prohibitive than size requirements is the inability to properly manage heat 

generation which currently restricts the installation of DEWSs into aerospace systems. 
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1.2 Thermal Management 

 With modern aircraft design focusing on a more electric, compact, and high-performance 

vehicles, the need to manage and monitor thermal loads throughout the aircraft becomes critical 

to prevent system failure. Reduction of convective cooling from new skin composites and ram-

air flow as well as increased electrical demands from advanced avionics and electric actuation 

have exacerbated thermal strain on modern aircraft
1, 7

. With power demand increasing and 

thermal capabilities diminishing, the addition of large thermal loads associated with directed 

energy applications could potentially overwhelm any aerospace system.  

 DEWSs generate large, localized heat loads that must be taken into account when 

designing a thermal management subsystem (TMS). For example, with typical operating 

efficiencies peaking between 10% to 25%, a solid-state laser with an efficiency of 19% scaled to 

an output of 100 kW will release 526 kW of heat. This is a staggering value when one realizes 

that standard high-performance aircraft typically experience peak heat loads an order of 

magnitude less than from an electrical DEWS. Expansion on this simple calculation reveals an 

immediate incongruity between the thermal loads generated by a DEWS and the capacity of a 

traditional aircraft's TMS. Capacity refers to the maximum amount of energy a TMS can displace 

before sensible heating causes system failure.  A TMS refers to the aircraft's fluid networks 

(polyalphaolefin, air, and fuel), heat exchangers, and other components responsible for cooling 

and maintaining acceptable operating conditions.  

 A conventional TMS utilizes multiple working fluids such as fuel, air, or oil to 

redistribute heat through a network of heat exchangers. Onboard heat loads (avionics, actuators) 

typically range from 50 to 100 kW. Ultimately, thermal loads are stored as sensible heat within 

the working fluids. Energy is removed from the system by two means, ejecting air to the 

atmosphere and combusting fuel in the engines. Energy can also be temporarily stored within the 

fuel tank, which acts as a heat sink for the aircraft. A standard metric to gauge traditional TMS 

performance is fuel tank temperature
8
.  The available capacity of a TMS is determined by the 

mass and temperature of air and fuel present in the system.  

 A conventional TMS cannot withstand the large heat loads generated by a DEWS. As 

previously stated, a 100 kW solid-state laser device operating for 10 seconds generates 526 kW 

of heat and 5,260 kJ of thermal energy. Real-time rejection of thermal energy will quickly 

overwhelm the TMS, potentially leading to thermal runaway. This research investigates the 



4 

 

modification of traditional thermal management strategies to include thermal storage for delayed 

heat rejection and increased thermal capacity without sensible heating. This includes examining 

thermal storage (phase change material) to understand their potential to bring thermal closure. 

Research into these thermal technologies and strategies coincide with collaborative efforts which 

are part of the Integrated Vehicle and Energy Technology (INVENT) initiative.   

1.3 INVENT 

 The Integrated Vehicle and Energy Technology (INVENT) program is an initiative, 

which was started by the U.S. Air Force Research Laboratory’s Propulsion directorate in 2008.  

The INVENT initiative intends to establish a virtual testing environment to model, analyze, 

simulate, and optimize a high-performance aircraft, resulting in an energy optimized aircraft 

(EOA). Defined by the INVENT program, an EOA “is an aircraft that is optimized for broad 

capabilities while maximizing energy utilization (aircraft and ground support) with the minimum 

complexity system architecture” 
7
. 

 Modern military aircraft present a unique set of power and thermal challenges. Current 

TMSs for military aircraft cannot sufficiently regulate growing onboard thermal demands. 

Advancements in component-level, aircraft technology (avionics, electric actuation, and directed 

energy) have increased energy demands without yielding increased efficiencies. In addition, 

system-level deficiencies, associated with power generation, power distribution, thermal 

management, and system integration compound component-level shortcomings. As component- 

and system-level technology advances, maximizing energy utilization is the first step towards 

achieving power and thermal closure.  

 The thesis research presented in the following chapters utilizes a high performance 

aircraft model as part of the INVENT program. The aircraft model which is for a long-range 

strike vehicle is called the “tip-to-tail” (or T2T) model and was developed in Mathwork’s 

Simulink
TM

 by combining research efforts from academia, government, and industry. The overall 

aerospace system, shown in Figure 1.1, is comprised of six subsystems: engine or propulsion 

subsystem (PS), avionics subsystem (AVS), adaptive power and thermal management subsystem 

(APTMS), fuel thermal management subsystem (FTMS), high-performance electric actuation 

subsystem (HPEAS), and robust electrical power subsystem (REPS). Figure 1.1 also details the 
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flow of mechanical, thermal, and electrical information exchanged between subsystems, 

displaying the highly-coupled nature of this system.  

 Contributions from this thesis research to the INVENT initiative include the development 

and integration of directed energy weapon subsystem (DEWS) and thermal storage models. 

 

 

Figure 1.1 Essential aircraft sub-systems that form the model for the INVENT program.
1, a

 

1.4 Modeling 

 Inspiration for modeling DEWSs comes from the desire to integrate emerging and 

traditional technologies without a "plug and check" method, but rather, with a fundamental 

representation governed by first principles. Modeling yields insight into individual subsystem 

behavior, but more importantly, allows the construction and predicts the performance of 

complex, interacting subsystems. Component and subsystem models for this research are 

                                                 
a
 Figure 1.1 is taken from material that is declared a work of the U.S. Government and is not subject to copyright 

protection in the United States. 



6 

 

mathematical representations derived from a collection of fundamental thermodynamic (first and 

second law), heat transfer, electrical, and chemical principles. These models incorporate 

analytical, semi-empirical, and empirical relationships into lumped capacitance, one-

dimensional, and two-dimensional representations. These models are derived to reveal transient 

behavior by calculating instantaneous state properties such as energy, entropy, temperature and 

pressure. Completed models are created in Mathwork’s Simulink
TM 

 and validated with published 

data from literature and manufacturer information. The behavior of each is compared with results 

and performance data to ensure the accuracy of the model, input, and output parameters.  

 Component-level models are created for both electrical and chemical DEWSs as well as 

thermal management devices. Thermal management devices include compact, plate-fin heat 

exchangers, thermal storage, and microchannel coolers. Model formulation and construction is 

discussed in greater detail in Chapter 3. 

1.5 Use of Exergy 

 As described in Section 1.3, the INVENT aircraft model is a highly-coupled, composite 

system. With composite systems, the ability to discern deficiencies in one, two, or several 

dependent subsystems while applying only energy conservation principles becomes very 

difficult. However, exergy analyses present a unique and powerful tool to analyze such highly-

coupled systems. Exergy analyses combine first and second law of thermodynamics principles, 

taking into account energy as well as entropy. By calculating both energy and entropy, 

deficiencies present in such a system can be isolated and attributed to specific subsystems with 

knowledge of the amount of exergy destroyed. Exergy (or available energy) quantifies the 

quality of the energy of a system and represents the maximum energy a system can convert to 

useful work when interacting with a reservoir. As defined by Gyftopolous and Beretta
9
, entropy 

is the difference between the energy and available energy at any state of a system with respect to 

a reservoir divided by the temperature of the reservoir. As a system undergoes a process, 

differences in entropy can be indicative of entropy generation, which reveal the presence of 

internal irreversibilities. Proportional to entropy generation, exergy destruction measures the 

amount of available energy lost due to irreversibilities and represents a single, universal metric to 

directly compare the performance of a system, subsystem, or component relative each other.  
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1.6 Research Objectives 

 The purpose of this research is to evaluate the thermal effects of transient high energy 

weapon subsystems on high-performance aerospace systems. These effects are investigated by 

modeling, integrating, simulating, and analyzing a chemical as well as a solid-state DEWS 

individually and coupled with the INVENT tip-to-tail aircraft model. After consulting with 

AFRL personnel, only the solid-state DEWS will be coupled to the tip-to-tail model. 

 The first objective is to develop dynamic models for chemical and electrical DEWSs as 

well as thermal management devices. As discussed in Section 1.4, component and subsystem 

models will be developed from a suite of thermodynamic, electrical, chemical, heat transfer, 

exergy, and geometric models and supplemented with analytical, semi-empirical, and empirical 

data. Models will then be validated through published information and data. Once constructed, 

models will be programmed into Mathwork's Matlab
TM

 and Simulink
TM

 so they are compatible 

with the aircraft model provided by the INVENT program.  

 The second objective is to integrate the solid-state DEWS into the INVENT tip-to-tail 

model. An independent, closed-loop PAO cooling networking containing the DEWS and thermal 

management devices will be connected to the APTMS or FTMS subsystems by liquid-to-air or 

liquid-to-liquid heat exchangers, respectively.  

 The third objective is to study the transient effects that high energy weapons introduce 

into aerospace systems. These investigations will attempt to understand the dynamic localized 

thermal load responses introduced into the other six subsystems that comprise the tip-to-tail 

model. The vehicle simulated across this mission is a long range strike aircraft. To do this, the 

modified INVENT tip-to-tail model (as described in Section 1.3) will be simulated while varying 

component- and system-level parameters and adding thermal storage. Examples of component- 

and system-level parameters are thermal storage size, DEWS duty cycle, and DEWS output 

power.   

 The fourth objective is to perform a comprehensive evaluation of the performance data 

gained from parametric studies in order to identify influential component and system parameters. 
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Chapter 2 Literature Review 

 This literature review highlights previous research on the design, modeling, and 

integration of electrical and chemical high energy weapon subsystems for aerospace systems. 

This review also explores thermal management options and configurations to meet the 

demanding cooling requirements for directed energy devices.  

2.1 Directed Energy Weapon Subsystem Modeling for Solid-State Lasers 

 Vetrovec
10-13

 examines the design and architecture of DEWSs solid-state lasers (SSLs). 

Chemical laser development over the last few years has become stagnant, fueling the 

development of alternative technologies. As an alternative, SSLs offer the potential for a 

compact, lightweight, and rugged electrical DEWS across a range of platforms (land vehicles, 

naval vessels, tactical aircraft, and spacecraft). The basic configuration for an electrical DEWS 

includes a power supply, solid-state laser, and TMS. Figure 2.1 shows these elements as well as 

their interactions with one another.  

 

 

Figure 2.1 Functional diagram of a generic solid-state high energy laser system.
10, b 

 The power supply consists of a controller, power management unit (PMU), charger, and 

battery bank. The battery bank supplies an electrical load to laser diodes.  During lasing, the 

vehicle's primary power source typically cannot supply enough power to drive the DEWS. 

                                                 
b
 Figure 2.1 is reprinted with permission from Society of Optical Engineers and John Vetrovec 
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Because a DEWS can continuously operate up to several hundred seconds, secondary power 

sources, usually batteries, are added to supplement the primary power source during operation.  

After each lasing period, the system experiences downtime for recovery to recharge power 

supplies. 

 The current hurdle preventing the implementation of high-energy weapon applications is 

the inability to regulate thermally induced stresses inside the solid-state laser device. The 

inability to remove excess heat stored in the gain media leads to thermal distortions in the form 

of thermal lensing and mechanical stresses. Thermal distortion degrades beam quality, reduces 

laser power, and possibly fractures the gain media structure. To prevent thermally induced 

stresses, a TMS removes heat from the power supply and laser device and rejects it to the 

platform or environment. Within the laser device, diode arrays and gain media generate 

significant waste heat due to low efficiencies. Once removed from the sources, heat can be 

rejected real time or stored and subsequently rejected during the recovery period. Although the 

TMS is often overlooked, it represents a significant portion of the weight and size of a DEWS. 

Incentive exists to investigate different TMS strategies, such as open and closed loop TMS 

architectures as well as thermal energy storage, to reduce weight and size.  

 

 

Figure 2.2 Solid-state high energy laser device weight breakdown.
10, c 

 Vetrovec
7, 11-13

 also formulated a physical model to scale the DEWS weight and size 

based on average output power and operating time. This model provides a generic methodology 

to easily calculate the weight and size of the laser device, power supply, and TMS. For each 

subsystem, "descriptors" define a relationship between weight and size with DEWS output 

power. Looking at Figure 2.3, descriptors are calculated for each DEWS subsystem and 

                                                 
c
 Figure 2.2 is reprinted with permission from Society of Optical Engineers and John Vetrovec 
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component and verified against known hardware.  The symbols P,E,w, and v, respectively, 

denote scaling with power, energy, weight, and volume. The symbols λ, ε, and τ, respectively, 

identify the power or energy type as radiation, electric, or thermal. For example, considering a 

laser device with an efficiency of 20% with a particular specific density and power density, the 

weights of essential components can be estimated as illustrated in Figure 2.2.  

 

 

Figure 2.3 a.) Solid-state high energy laser system descriptors, b.) Element descriptors.
10, d

 

2.2 DEWS Modeling for Chemical Oxygen-Iodine Lasers 

 Lamberson
14

 and Truesdell
15, 16

 discuss the design and architecture of the DEWS 

constructed for the U.S. Air Force's Airborne Laser Program (ABL). Started in 1996, the U.S. 

Air Force began developing an airborne missile defense system with directed energy. For this 

defensive directed energy system, a one-megawatt chemical oxygen-iodine laser (COIL) is 

coupled with supporting technology to form the chemical DEWS. Supporting technology 

identifies, locates, and targets ballistic missiles. This technology includes infrared sensors, 

ranging and tracking lasers, optics, and control systems.  The DEWS is integrated into a 

modified Boeing 747 freighter. In these papers, the authors' discussions reveal a basic blueprint 

of the architecture for a COIL DEWS. It consists of an energy source, laser device, and TMS. 

                                                 
d
 Figure 2.3 is reprinted with permission from Society of Optical Engineers and John Vetrovec 
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 Onboard chemicals possess all of the energy needed to power a COIL. However, an 

external power source is needed to power pumps, compressors, and controls subsystems to move 

chemical flow throughout the device. Through a series of chemical reactions between chlorine 

and hydrogen peroxide, the energy required for stimulated emission is stored within the reaction 

product, electronically excited oxygen.  

 The oxygen-iodine laser device consists of chemical storage, singlet oxygen generator, 

iodine vaporizer, supersonic nozzle, unstable resonator, and pressure recovery system. Chemicals 

enter the singlet oxygen generator and exit the pressure recovery subsystem. To reach the one-

megawatt threshold, six gain modules in series amplify radiation from the COIL.  

 A COIL DEWS uses a refrigeration cooling system to manage thermal loads. Exothermic 

chemical reactions occur inside the singlet oxygen generator and supersonic nozzle, generating 

unwanted heat. In addition, the singlet oxygen generator, supersonic nozzle, and resonator 

operate at lower temperatures to enhance the efficiency of these devices by reducing loss 

mechanisms. Also, to vaporize iodine, heat is added to the iodine storage tanks.   

 Lamberson
14

 and Truesdell
15, 16

 present a basic architecture of essential components to 

model a chemical DEWS. This architecture directly emulates the efforts of the U.S. Air Force’s 

ABL program. 

2.3 Thermal Management Methods for Pulsed Energy Applications 

 Shanmugasundaram, Ramalingam, and Donovan
17

 assess the influence of design 

parameters on the performance of different thermal management configurations for cooling 

pulsed energy applications. More specifically, these parametric studies analyze the effects of two 

design parameters, storage tank temperature and duty cycle, on heat exchanger size. Figure 2.4 is 

a schematic of a conventional TMS interfaced with a high-energy pulsed power subsystem. 

Power and thermal (conventional, cryogenic, and ambient) interactions are explicitly defined 

between subsystems and components. Heat loads produced by the prime power source, 

generator, auxiliary energy storage, power conditioner, and pulsed power source components 

must be removed in addition to traditional aircraft loads.  
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Figure 2.4 Schematic of thermal management of a high energy pulsed power system.
17, e

 

 Receiving power from the prime power source and auxiliary energy storage, a multi-

kilowatt pulsed power subsystem employs a generator, power conditioner, and pulsed power 

source to produce an estimated aggregate thermal load of 2,845 kW. This thermal load is 

transferred to a working fluid (water) in one of two thermal management configurations, the 

“tankless” and “2-tank” schemes shown in Figure 2.5 and Figure 2.6, respectively.  

 

 

  
 

Figure 2.5 Schematic of the “tankless” closed-

loop cooling scheme.
17, f

 

Figure 2.6 Schematic of the “2-tank” closed-loop 

cooling scheme.
17, g

 

                                                 
e
 Figure 2.4 is reprinted with permission from the American Institute of Aeronautics and Astronautics 

f
 Figure 2.5 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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 Figure 2.5 and Figure 2.6 represent in-depth versions of the ambient cooling loop shown 

in Figure 2.4. Each thermal management configuration is a closed-loop fluid network constructed 

from storage tanks, valves, pumps, and heat exchangers. In the “2-tank” configuration, an 

additional fluid storage tank is installed between the pulsed power source and heat exchanger. 

The additional storage tank acts as a control subsystem, governing the schedule and magnitude 

of loads rejected through the heat exchanger. Unlike the "tankless" scheme, the "2-tank" scheme 

operates intermittently. When the pulsed power source is on, it is off and vice-versa. Ultimately, 

the working fluid passes through a ram-air heat exchanger (RAMHX), either of plate-fin or tube-

fin architecture, rejecting the thermal energy to the ambient air. 

 Models are formulated using a generic system-level thermodynamic (lumped-parameter) 

approach while neglecting design considerations associated with component-level detail. As a 

result, representative heat loads are used instead of explicitly calculating heat transfer 

mechanisms between the component and working fluid.  For instance, after the first pump in 

Figure 2.5 and Figure 2.6, the working fluid accepts the entire aggregate heat load from the 

pulsed power system. Furthermore, this model assumes the aggregate heat load is completely 

transferred from water to air in the RAMHX. This assumption limits heat exchanger performance 

to a function of its size (mass and volume) and inlet conditions (mass flow rate and temperature) 

and removes any geometric considerations (e.g. fin geometry).  The sizes for plate-fin and tube-

fin, RAMHXs are correlated with empirical data from industry.  

 In summary, by studying several configurations of cooling schemes (“tankless” and “2-

tank”) and heat exchanger types (plate-fin and tube-fin), this research evaluates the influence of 

fluid storage tank temperature and duty cycle on the mass and volume for the ram-air heat 

exchanger and overall TMS (heat exchanger, coolant, diffuser, and plumbing). 

 For example, in the first series of parametric studies examines the downstream impact of 

the main coolant supply tank temperature on heat exchanger mass, for both “tankless” and “2-

tank” cooling schemes is examined. The temperature of the coolant supply tank remains 

constant, assuming all thermal energy gained from the heat sources is rejected in the heat 

exchanger before the coolant recirculates. Results from these studies are presented below in 

Figure 2.7 and Figure 2.8. For each cooling scheme, the calculated masses for both plate-fin and 

tube-fin heat exchangers follow similar trends. As coolant tank temperature increases, heat 

                                                                                                                                                             
g
 Figure 2.6 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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exchanger mass decreases. Comparing Figure 2.7 and Figure 2.8, the addition of thermal storage, 

in the form of an intermediate storage tank as in the “2-tank” scheme, reduces heat exchanger 

size. Although the required heat exchanger mass for the “2-tank” scheme is about 50 % of the 

“tankless” scheme, the inclusion of an intermediate storage tank requires additional coolant and 

plumbing masses 

 

  

Figure 2.7 Variations in HX mass and 

effectiveness with Twater,tank: “tankless” scheme. 
17, h

 

Figure 2.8 Variations in HX mass and 

effectiveness with Twater,tank: “2-tank” scheme. 
17, i

  

 In the second series of parametric studies the influence of duty cycle on heat exchanger 

mass is explored. Shown in Figure 2.9, a modified configuration of the “2-tank” scheme is 

considered for these studies, containing additional plumbing to allow for continuous RAMHX 

operation. For the second series of studies, the duty cycle is varied from 0 to 100 %, while 

maintaining a constant inlet temperature (50
o
C) and heat load (2845 kW). For intermittent 

operation in the original “2-tank” cooling scheme, heat exchanger mass for plate-fin and tube-fin 

geometries increases proportional to duty cycle as shown in Figure 2.10. When comparing 

intermittent to continuous operation for a 30% duty cycle, Figure 2.11 reveals noticeable 

differences in heat exchanger mass requirements, with a ~30% mass reduction when switching to 

continuous operation.   

 

                                                 
h
 Figure 2.7 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 

i
 Figure 2.8 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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Figure 2.9 Schematic of a closed-loop non-stop cooling circuit with intermediate storage.
17, j 

 

  

Figure 2.10 Variations in HX mass and volume 

with duty cycle for intermittent and continuous 

operation.
17,k

 

Figure 2.11 Comparison of the RAHX masses for 

intermittent operation duty cycle = 30%.
17,l

 

 These studies by Shanmugasundaram, Ramalingam, and Donovan
17

 reveal the 

importance of a continuous interacting interface, i.e. heat exchanger, to minimize TMS weight 

                                                 
j
 Figure 2.9 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 

k
 Figure 2.10 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 

l
 Figure 2.11 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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while still achieving sufficient performance. Thermal energy storage has also shown promise as a 

viable option to maintain performance and reduce TMS weight.  

2.4 Emerging Thermal Management Technologies for Aerospace 

Applications 

 Building on work presented in Section 2.3, Shanmugasundaram et al.
18

 evaluate the 

potential benefits of energy storage as a thermal management option for pulsed power systems. 

In contrast to their previous publication, energy storage now refers to phase change material 

instead of intermediate fluid storage. The authors assess the impact of thermal energy storage 

(TES) by calculating the required TMS mass to maintain constant tank temperature. 

 The phase change material (PCM) is a composite substance combining wax and carbon 

fiber. Table 2.1 lists physical and thermal properties of paraffin wax and K1100 carbon foam. 

Composite properties are estimated assuming a porosity of 0.8. The amount of phase change 

material needed is determined from knowledge of the DEWS duty cycle, DEWS heat load, and 

the heat of fusion for paraffin wax. Carbon fiber is added to the wax to enhance thermal 

conductivity. Phase change material is enclosed in a hermetic shell and exchanges heat with a 

fluid passing over the surface. As heat enters the shell, the paraffin wax fuses throughout at a 

constant temperature of 327.5 K. This model assumes a near-infinite effective thermal 

conductivity and negligible sensible heat. A schematic of a TES cell is presented in Figure 2.12. 

 

 

Figure 2.12 Schematic of the TES cell 

with the fluid channels and PCM.
18, m

 

Table 2.1 List of TES parameters. 

 

                                                 
m
 Figure 2.12 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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 The authors test the effects of flow fraction through the TES on the total TMS mass using 

three TMS configurations: configurations 1, 2, and 3. Each configuration has a fluid tank, heat 

source, TES, RAMHX, and valve system. For each configuration, flow enters the load at 306.6
o
C 

and exits at 376.2
o
C. Operating at a 30% duty cycle, the aggregate heat load is 2,845 kW. The 

RAMHX and TES are sized to restore coolant to the original tank temperature. Configuration 1, 

shown in Figure 2.13, employs two RAMHXs.  The RAMHX labeled "RAHX1" exclusively 

rejects heat from the TES cell, while the RAMHX labeled "RAHX2" rejects heat from the heat 

source only during the 'on' portion of the duty cycle. Mass flow rate is split between the two 

RAMHXs proportional to the duty cycle. In configuration 2, shown Figure 2.14, coolant exits the 

heat source and separates, some going to the TES and some bypassing the TES. Before entering 

the RAMHX, both coolant flows converge. In configuration 3, shown in Figure 2.15, all of the 

coolant flows from the heat source through the TES and RAMHX.  

 

 

Figure 2.13 Schematic of the dual-stream, dual- RAHX PCM configuration: Configuration 1.
18, n

 

 

                                                 
n
 Figure 2.13 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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Figure 2.14 Mixed-stream, single-temperature, single-RAHX configuration: Configuration 2.
18, o 

 

 

Figure 2.15 Single-temperature, single-RAHX configuration: Configuration 3.
18, p 

 

  

Figure 2.16 Component masses for the various TES-HX systems and the “2-tank” model.
18, q

 

                                                 
o
 Figure 2.14 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 

p
 Figure 2.15 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 



19 

 

 Results for these configurations are shown in Figure 2.16 for each TMS configuration 

and the “2-tank” model from Shanmugasundaram et al
18

. Using two RAMHXs, as in 

configuration 1, requires the least mass of all TMS configurations with TES. Although this 

configuration requires a greater heat exchanger mass, less PCM and coolant are needed because 

less energy is being stored. Configurations 2 and 3 result in similar TMS component weight 

distributions, with the TES contributing the most mass. The “2-tank” model from earlier work 

requires the least TMS mass, but uses the largest heat exchanger and the most coolant. 

 The next chapter focuses on model development of components for electrical and 

chemical DEWSs, thermal storage, compact heat exchangers, and microchannel coolers.  

  

                                                                                                                                                             
q
 Figure 2.16 is reprinted with permission from the American Institute of Aeronautics and Astronautics. 
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Chapter 3 Model Formulation 

 As described in Section 1.4, the collection of physical, thermodynamic, chemical, heat 

transfer, geometric, and/or exergy models form the basis for each subsystem and component 

model. Thermodynamic and exergy model development follow the presentation and formulation 

of thermodynamics principles found in Gyftopolous and Beretta
9
. The heat transfer models are 

based on the fundamental principles presented in Incropera and Dewitt
19

. 

 Chapter 3 presents the derivation and construction of representative subsystem and 

component models for electrical and chemical DEWSs as well as the high power (HP) TMS.  

3.1 Solid-State Laser Directed Energy Weapon Subsystem (SSL DEWS) 

Model 

A SSL is an energy conversion device, converting electricity to coherent radiation. When 

a SSL is coupled with power storage, power conditioning equipment, and optics, the aggregate 

subsystem forms an electric SSL DEWS
17, 18, 20-23

. Figure 3.1 displays the basic configuration for 

a 100 kW SSL DEWS
21, 22

. An onboard generator charges the battery bank, storing enough 

energy to fire the SSL for the desired duration. Power conditioning equipment converts the 

electrical signal from the battery bank to the necessary input condition for the SSL. Optical 

equipment directs radiation from the laser device onto the target. 

 

 

Figure 3.1 Major components of a directed energy weapon system with a solid-state laser
21

. 
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In high-power applications, component inefficiencies generate large heat loads. However, 

recent advances in SSL technology have yielded efficiency increases for multi-kilowatt outputs. 

Figure 3.2 displays documented efficiencies for high power SSL technologies.  Since the amount 

of generated heat is inversely proportional to SSL efficiency, significant incentive exists to 

continue developing this technology. For example, efficiencies have increased from 12% up to 

24.5%, potentially reducing the resulting heat load from 733 kW to 408 kW for a 100 kW laser 

device. The dotted red line in Figure 3.2 represents the AFRL’s current target efficiency for a 

SSL device 
24

. 

 

 

Figure 3.2 Effect of efficiency on heat generation for a solid-state laser device.  

For this research, the SSL is modeled after the multi-kilowatt, thin-disk laser being 

developed by Boeing and the AFRL’s Directed Energy Directorate. Six 2.5 kW diode arrays 

power a thin-disk of gain medium that emits 6.5 kW of power
25-27

. This effort is one of many 

attempting to achieve a 100 kW solid-state laser. Other 100 kW development efforts include 

Northrop Grumman’s FIRESTRIKE laser, Textron’s Thinzag laser, and Lawrence Livermore 

National Laboratory’s solid-state heat capacity laser
4, 28-30

. These efforts use a multi-kilowatt 

amplifier as a building block in order to scale to higher powers. An initial beam of radiation 

multiplexes through several amplifier chains in serial configurations to surpass the 100 kW 

threshold
4, 5, 31-33

. Although a 100 kW solid-state laser is desired, the generic SSL DEWS model 
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presented in this chapter is scalable to any output. The building block for this model is a 5 kW 

version based on the efforts by Boeing and the AFRL Directed Energy Directorate.  

The remainder of this section details the physical, thermodynamic, and heat transfer 

characterizations of each SSL DEWS component. 

3.1.1 Power Storage 

Integrating a high power DEWS onto an aircraft requires a secondary power source to 

supplement the primary power source during lasing. Without a secondary power source, other 

onboard subsystems and components might experience performance degradation. As an example, 

extracting power from the primary source (engines) can adversely affect the efficacy of 

electrically driven avionics, resulting in reduced flight capabilities. Typical options for a second 

power source include power storage (PS) instead of power generation. Most air vehicles have 

size restrictions (mass and volume), necessitating high specific powers (kW/kg) and power 

densities (kW/m
3
) for power storage options. At this time, high-performance lithium-ion cells 

offer an above-average combination of power density and specific power compared to other 

battery types.  

The battery bank is characterized by physical, thermodynamic, and exergy models. The 

data shown in Table 3.1 was acquired from Allen
34

. The values for specific power and power 

density are used as scaling factors to create a physical model based on required output power and 

duty cycle. The battery bank operates at constant efficiency within the specified temperature 

range.  

 

Table 3.1 SSL DEWS power storage scaling factors and operating characteristics.
34

 

Specific power 

[kW/kg] 
15 

Power density 

[MW/m
3
] 

32.8 

Efficiency 

[%] 
75 

Operating temperature 

[
o
C] 

20 to 50 
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3.1.1.1 Thermodynamic Model 

The thermodynamic system for the power storage component of the SSL DEWS is shown 

in Figure 3.3. The battery bank interacts with the primary power source, power conditioning, and 

HPTMS working fluid. The primary power source (generator) charges the lithium-ion battery 

bank through an electrical work interaction, storing energy within the thermodynamic system. 

Stored energy is periodically discharged to a network of power electronics via an electrical work 

interaction. The heat load is transferred to the working fluid by a heat interaction. 

The thermodynamic model of the battery bank calculates chemical and thermal energy 

storage. The chemical energy storage is determined from the useful work into and out of the 

system. The remaining energy contributes to thermal energy storage within the battery bank. By 

monitoring the change in thermal energy storage, the temperature change of the battery is 

determined. 

 The equations in Table 3.2 as well as the thermodynamic equations for the working fluid 

are iteratively solved to yield the temperature of the battery bank and outlet temperature of the 

working fluid. These equations are first order differential equations. In order to solve these 

equations simultaneously, the model predicts the temperature of the battery bank and the outlet 

temperature of the working fluid to calculate the convective heat transfer term. Then, using the 

governing equations for the battery bank and the working fluid, the internal energy and enthalpy 

of the two thermodynamic systems are calculated, respectively. The temperature of the battery 

bank and outlet temperature of the working fluid are resolved from the thermal component of the 

internal energy storage and the specific enthalpy of the fluid, respectively. These temperatures 

are compared with the initial predictions.  

 The thermodynamic system for the battery bank is a closed-system that assumes ideal, 

incompressible behavior and lumped capacitance. The battery bank operates at constant 

efficiency. 
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Table 3.2 SSL DEWS power storage thermodynamic model equations. 

Variable Description Model equation 
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Figure 3.3 SSL DEWS power storage thermodynamic system. 

3.1.1.2 Exergy Model 

 The thermodynamic system for the exergy model is shown in Figure 3.4, which consists 

of the battery bank and HPTMS working fluid. The entropy equation applied to the composite 

thermodynamic system is shown in Table 3.3. The working fluid transfers entropy across the 

system boundary. Entropy generation occurs inside the system due to electrical resistance, finite 

thermal gradients, pressure losses, and performance degradation due to cyclical wear.  
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Figure 3.4 SSL DEWS composite thermodynamic system for the power storage exergy model. 

Table 3.3 SSL DEWS power storage exergy model equations. 

Variable Description Model equation 
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3.1.2 Power Conditioning 

 Power conditioners modify the battery’s electrical signal to match the electrical operating 

characteristics of the SSL. Depending on the required input electrical characteristics for the diode 

arrays in the SSL, power conditioning (PC) equipment can include power electronics such as 

rectifiers, converters, and transformers.  

 For simplification, the power conditioning devices are lumped into a single subsystem. 

Scaling factors estimate the mass and volume of the power conditioning equipment based on 

power output. The lumped PC subsystem operates at a constant efficiency of 94%. Scaling 

factors and operating characteristics are documented in Table 3.4. 

 

Table 3.4 SSL DEWS power conditioning scaling factors and operating characteristics.
21-23, 35-37

 

Specific power 

[kW/kg] 
6.6 

Power density 

[kW/m
3
] 

7,000 

Efficiency 

[%] 
94 

3.1.2.1 Thermodynamic Model 

 The closed-system thermodynamic system representing the PC model depicted in the 

schematic of Figure 3.5 experiences both work and heat interactions. The PC system interacts 

with the battery bank, diode arrays (SSL), and HPTMS working fluid. The power electronics 

accept an electrical signal from the battery bank in the form of a work interaction. This electrical 

signal is modified and sent to the SSL in another work interaction. Heat generated during this 

process is removed in a heat interaction with the HPTMS working fluid. The thermodynamic 

model for the power conditioning system is shown in Table 3.5. The equations in Table 3.14 as 

well as the thermodynamic equations for the working fluid are iteratively solved to yield the 

temperature of the power conditioning subsystem and outlet temperature of the working fluid. 

This iterative process to find a solution is similar to the process detailed for the power storage 

component in section 3.1.1.1. Unlike the power storage thermodynamic model, only thermal 

energy storage is considered for the power conditioning equipment thermodynamic model. The 

power conditioning thermodynamic system is a closed-system that assumes perfect 
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incompressible behavior and lumped capacitance. The power electronics operate at a constant 

efficiency. 

 

Table 3.5 SSL DEWS power conditioning thermodynamic model equations. 

Variable Description Model equation 
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Figure 3.5 SSL DEWS power conditioning thermodynamic system. 

3.1.2.2 Exergy Model 

 The composite thermodynamic system for the exergy model is shown in Figure 3.6, 

which consists of the power conditioning system and HPTMS working fluid. The working fluid 

transfers entropy into and out of the composite system. The system generates entropy due to 
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electrical resistance, finite temperature gradients, and pressure losses. The entropy equation 

applied to the composite thermodynamic system is displayed in Table 3.6. 

 

Figure 3.6 SSL DEWS composite thermodynamic system for the power conditioning exergy model. 

Table 3.6 SSL DEWS power conditioning exergy model equations. 

Variable Description Model equation 
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3.1.3  Diode Arrays 

 Laser diodes (LD) are semi-conductors that convert electricity to coherent radiation. 

When current passes through a semi-conductor, holes and electrons combine to emit radiation. 

The output wavelength is dependent on the composition of the semi-conductor material, which is 

selected such that the emitted radiation falls within the absorption band of the gain media dopant. 
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A diode bar joins several laser diodes onto a single chip to increase power up to hundreds of 

watts. Diode arrays (or stacks) combine several diode bars to reach output powers greater than 

one kilowatt
38

. To electronically charge the gain media particles, optics combine the outputs of 

multiple diode arrays into a single beam of radiation that passes through the gain media crystal.  

 Diode bar efficiencies continue to improve, with upwards of 50% for high power 

applications
39

. Due to moderate efficiencies and temperature dependencies, diode arrays require 

extensive cooling to maintain performance. Temperature increases in these devices can reduce 

output power, decrease efficiency, and diminish operational lifetime 
26

. Furthermore, the 

wavelength of the emitted radiation is sensitive to temperature, approximately shifting 0.25 

nm/
o
C when deviating from the designed operating temperature, which is generally 25

o
C . To 

sustain emitted radiation within the absorption band of the gain media, diode array temperature 

must be maintained within a few degrees of the design operating temperature
40

. To mitigate 

thermally induced deficiencies, high power diode arrays include microchannel coolers to remove 

high-heat fluxes from the diode bars.  Coolant passes through the microchannel coolers, 

impinging on the surface of the diode bars
41

.  

 Manufacturer’s data regarding the optical, thermal, mechanical, and electrical 

characteristics supplement the physical and thermodynamic models for diode arrays. These 

manufacturers include Northrop Grumman, Jenoptik, Dilas, and Coherent. Pertinent operating 

characteristics are presented in Table 3.7. 

 

Table 3.7 SSL DEWS diode array operating characteristics. 

Efficiency 

[%] 
57 

Operating temperature 

[
o
C] 

25 

Temperature Control 

[
o
C] 

2 

3.1.3.1 Thermodynamic Model 

The thermodynamic model describing the dynamic behavior a diode array is presented 

schematically in Figure 3.7 and mathematically in Table 3.8 . Diode arrays experience 

interactions with power electronics, gain media, and the HPTMS working fluid. Diode arrays 

receive electricity from power conditioning devices, convert electricity to coherent radiation, and 
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emit radiation into the gain media all through work interactions. Since coherent radiation does 

not transfer entropy or mass, it is a work interaction. During these processes, diode arrays 

generate heat. The HPTMS working fluid runs through microchannel coolers removing heat 

from the surface of the diode bar. The thermodynamic model for a diode array is presented in 

Table 3.8. This thermodynamic system is a closed-system that assumes perfect incompressible 

behavior and lumped capacitance. The thermodynamic system operates at constant efficiency. 

 

 

Figure 3.7 SSL DEWS diode array thermodynamic system. 

Table 3.8 SSL DEWS diode array thermodynamic model equations. 

Variable Description Model equation 
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3.1.3.2 Exergy Models 

 The composite thermodynamic system for the exergy model is illustrated in Figure 3.8, 

which consists of diode arrays, high-heat flux microchannel coolers, and the HPTMS working 

fluid. In this case, the microchannel cooler is included in the thermodynamic system because the 

local equilibrium temperatures at which the heat interactions occur are not constant. Unlike the 

previous exergy models presented in Table 3.3 and Table 3.6, this exergy model takes into 

account entropy storage within the microchannel coolers. Since the conservation of energy does 

not require knowledge of the local equilibrium temperature for a heat interaction, the 

thermodynamic model shown in Table 3.8 is presented for the laser diodes.  Entropy generation 

occurs inside the thermodynamic system due to electrical deficiencies, finite temperature 

gradients, and pressure losses. The entropy equation applied to the composite thermodynamic 

system is displayed in Table 3.9, which includes individual entropy equations for the diode array, 

high-heat flux microchannel cooler, and working fluid.  

 

Table 3.9 SSL DEWS diode array exergy model equations. 

Variable Description Model equation 
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Figure 3.8 SSL DEWS composite thermodynamic system for the diode array exergy model. 

3.1.4 Gain Media 

 Through stimulated emission caused by the incoming radiation from laser diodes, 

optically charged particles within the gain media (GM) release photons at a specific wavelength. 

In this case, the gain media refers to any doped glass, crystal, ceramic, or any other material with 

an adequate set of mechanical, optical, and thermal properties
42

. Crystals, glasses, ceramics, and 

other materials are doped with a rare-earth metal (e.g., neodymium or ytterbium) or a transition 

metal ions (e.g. titanium)
43

. Depending on laser design, these materials can be shaped into disk, 

slab, or rod geometries
28

. Each geometry possesses certain mechanical, optical, and thermal 

advantages and disadvantages relative to one another. Modern pumping techniques use multiple 

passes through the gain medium to increase process efficiency and reduce the amount of 

necessary material. Even though efficiencies greater than 50% have been achieved, stimulated 

emission generates considerable excess heat. The greatest contributions of heat generation inside 

the gain media are the quantum defects between pumping and lasing radiation as well as the 

reabsorption of spontaneous radiation
26

.  Undoped crystal or ceramic is attached to the active 

gain media to absorb and dissipate energy that would otherwise be reabsorbed as heat in the gain 

media. Failure to remove heat leads to thermal lensing, mechanical stresses, and depolarization 

which can reduce power and possibly fracture the gain media
44

. To prevent thermal lensing and 

mechanical fracture, temperature distribution across the gain media crystal must remain uniform 
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27
. To accomplish near uniform cooling, microchannel coolers impinge coolant on an 

intermediate material attached to the surface of the gain medium. 

 For this research, the gain media structure resembles the latest design published by 

Boeing and AFRL’s Directed Energy Directorate. To produce an amplified 6.5 kW beam of 

coherent radiation, six diode arrays pump 12.7 kW of radiation into a ceramic Yb:YAG 

(ytterbium doped garnet) disk 
25

. The disk is attached to an undoped crystal and copper assembly 

to add rigidity for jet impingement cooling.  

 The remainder of this section details the development of the thermodynamic and exergy 

models for the gain media based on the Boeing and AFRL Directed Energy Directorate’s laser 

architecture. Operating characteristics for the gain media model are shown in Table 3.10.   

 

Table 3.10 SSL DEWS gain media operating characteristics.
25-27

 

Material 

[%] 

Yb:YAG 

[9% Doped] 

Peak efficiency 

[%] 
43 

3.1.4.1 Thermodynamic Model 

 The thermodynamic system of the gain media is shown in Figure 3.9. The gain media 

interacts with the diode arrays, optics, and the TMS working. The diode arrays charge internal 

rare-earth metal ions with radiation, transitioning electrons to a higher energy state. The structure 

begins to spontaneously emit radiation, transitioning particles back to lower energy states. The 

HPTMS working fluid flows through the high-heat flux microchannel coolers attached to the 

gain media surface.  

 

Figure 3.9 SSL DEWS gain media thermodynamic system. 
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 The thermodynamic system is a closed-system that assumes ideal incompressible 

behavior and lumped capacitance. The system operates at a constant efficiency.  The gain media 

model is described by energy and mass balances, presented in Table 3.11. 

 

Table 3.11 SSL DEWS gain media thermodynamic model equations. 

Variable Description Model equation 
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3.1.4.2 Exergy Model 

The composite thermodynamic system for the gain media exergy model is shown in 

Figure 3.10, which consists of gain media, high-heat flux microchannel coolers, and the HPTMS 

working fluid. The derivation of the exergy model for the gain media is same as the exergy 

model for the diode arrays presented in Table 3.9. Table 3.12 shows the entropy equation applied 

to the composite system, which includes individual entropy equations for the gain media, high-

heat flux microchannel cooler, and working fluid. The working fluid transfers entropy into and 

out of the system.  Quantum defects, finite temperature gradients, reabsorption of radiation, and 

pressure losses generate entropy inside the control volume.  
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Figure 3.10 SSL DEWS composite thermodynamic system for the gain media exergy model. 

Table 3.12 SSL DEWS gain media exergy model equations. 

Variable Description Model equation 

GMirrS ,  
GM entropy 

generation 
  

2

1
1,

1,
1,2,,

t

t heat

heat
GMGMGMGMirr dt

T

Q
ssmS



 

   














2

1
2,

2,

1,

1,
1,2,,

t

t heat

heat

heat

heat
MCCMCCMCCMCCirr dt

T

Q

T

Q
ssmS



 

       firrinfoutffff

t

t heat

heat
Sdtsmsmssmdt

T

Q
,

2

1

,,1,2,
2,

2,
2

1

  


 

 

)( ,,,0 firrMCCirrGMirrdes SSSTEx 
 

GMs
 

GM specific 

entropy 

heatT  
Local equilibrium 

temperature 

desEx  
Composite system 

exergy destruction 

3.1.5 Optical Equipment 

 Optical equipment directs radiation from the SSL to the target. Internal optics filter, 

coalesce, reshape, and direct radiation emitted from the gain media. External optics aim the 

radiation towards the target. Examples of optical devices are resonators, lenses, polarizers, wave 

plates, mirrors, collimators, and faraday isolators.   
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 For simplification, the optical equipment is lumped together into a single system. Scaling 

factors estimate the mass and volume of the optical equipment based on the power output.  

Scaling factors and operating characteristics are presented in Table 3.13. 

 

Table 3.13 SSL DEWS optical system scaling factors and operating characteristics.
35

  

Specific power 

[kW/kg] 
0.068 

Power density 

[kW/m
3
] 

18.38 

Efficiency 

[%] 
98 

3.1.5.1 Thermodynamic Model 

 The thermodynamic system of the optical subsystem model is illustrated in Figure 3.11. 

The optical subsystem model experiences work and heat interactions. Radiation is transferred 

from the inside to the outside of the aircraft in work interactions with the SSL and environment. 

Since the optical subsystem uses no active components, useful work is lost to sensible heating. 

Heat is transferred to the working fluid through a heat interaction. The thermodynamic equations 

for the optical subsystem are shown in Table 3.14. The equations in Table 3.14 as well as the 

thermodynamic equations for the working fluid are iteratively solved to yield the temperature of 

the optical equipment subsystem. This thermodynamic system is a closed-system that assumes 

perfect incompressible behavior and lumped capacitance. This system operates at a constant 

efficiency. 

 

 

Figure 3.11 SSL DEWS optical equipment thermodynamic system. 
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Table 3.14 SSL DEWS optical system thermodynamic model equations. 

Variable Description Model equation 
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3.1.5.2 Exergy Model 

 The composite thermodynamic system of the optical subsystem is shown in Figure 3.12, 

which consists of the optical system and HPTMS working fluid. The working fluid transfers 

entropy across the system boundary. Entropy is generated due to optical losses, finite 

temperature gradients, and pressure losses. Table 3.15 shows the exergy equation for the optical 

subsystem. 

 

 

Figure 3.12 SSL DEWS composite thermodynamic system for the optical equipment exergy model. 
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Table 3.15 SSL DEWS optical system exergy model equations. 

Variable Description Model equation 
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3.2 Directed Energy Weapon Subsystem – Chemical Oxygen Iodine-Laser 

(COIL DEWS) 

 The model for a DEWS with a COIL device is based on the design and operation coming 

out of the U.S. Air Force’s Airborne Laser (ABL) program. The combination of sensors, 

targeting devices, and a COIL device form the basic configuration of the chemical DEWS. This 

section details the components of a megawatt class COIL device. 

 Presented in Figure 3.13, the COIL configuration contains five components: a singlet 

oxygen generator, iodine vaporizer, supersonic nozzle, resonator, and pressure recovery 

subsystem. These devices also require ancillary equipment such as chemical storage tanks, 

pumps, valves, and compressors to store and move active chemicals throughout the COIL device.  

 A chemical laser is an energy conversion device, converting stored chemical energy to 

coherent radiation. Average chemical-to-optical efficiencies for supersonic COIL devices are 

30% with a theoretical limit occurring around 40%
45

. An oxygen-iodine laser is a complex 

combination of processes that extracts optical energy from the initial chemical reaction between 

chlorine, hydrogen peroxide, and potassium hydroxide. An aqueous solution of hydrogen 

peroxide and potassium hydroxide and gaseous chlorine flow are released into the singlet oxygen 

generator. A chemical reaction occurs between the three substances, forming singlet oxygen, an 

excited oxygen molecule. The effluent flow (i.e., the mixture minus the potassium chloride and 

unused hydrogen peroxide and potassium hydroxide) is mixed with vaporized iodine and 

accelerated to supersonic speeds through a converging-diverging nozzle system. Excited oxygen 

molecules dissociate diatomic iodine into atomic iodine and subsequently excite the newly 
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formed atomic iodine particles. The effluent flow then travels through the resonator where 

radiation amplifies by oscillating within a mirror assembly. Radiation is amplified through a 

serial configuration of six gain modules to surpass the megawatt threshold
16

. After lasing, the 

residual chemicals are ejected through a pressure recovery subsystem into the atmosphere
15, 46-48

. 

  

 

Figure 3.13 Schematic of the main components for a conceptual COIL DEWS device with mandWQ  ,,

representing heat, work, and mass interactions into and out of the thermodynamic system. 
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 Chemicals quantities and component sizes are scaled to achieve a power output of one 

megawatt. High-power COIL devices typically operate above 30% chemical-to-optical 

efficiency, resulting in the generation of 3.33 MW of heat for each 1 MW of radiation produced. 

 For the remainder of this section, COIL components are characterized by physical, 

thermodynamic, chemical, heat transfer, and exergy models. Operating characteristics, empirical 

data, semi-empirical data, and assumptions further define and supplement the behavior of each 

component. Physical properties are found in the NIST Chemical WebBook
49

, JANNAF 

Thermodynamic Tables
50

, and Chemical Properties Handbook
51

. In addition, the physical 

properties for excited species are calculated using data provided by Paschkewitz et al
52

. 

3.2.1 Singlet Oxygen Generator 

 A singlet oxygen generator (SOG) is a reaction chamber specifically designed to 

maximize singlet oxygen (O2(1Δ)) production from the exothermic reaction between chlorine 

(Cl2), hydrogen peroxide (H2O2),  and potassium hydroxide (KOH). The result is water, excited 

oxygen, and potassium chloride. Equation (3.1) is the principal chemical reaction mechanism 

governing the reaction between chlorine, hydrogen peroxide, and potassium hydroxide. Helium 

(an inert gas) is added to chlorine to increase transport of fluid flow into and out of the SOG. The 

energy stored in electronically excited oxygen represents the reservoir of energy that can be 

converted to radiation. Therefore, the efficacy of the SOG drives the efficiency of the entire 

COIL device.  

  OHKClOKOHOHCl 22222 222 1 
  

 

(3.1) 

Table 3.16 COIL DEWS SOG operating characteristics.
16, 53

 

Temperature 

[K] 
300 

Pressure 

[Torr] 
70 

3.2.1.1 Thermodynamic Model 

The thermodynamic system for the SOG model is illustrated in Figure 3.14. This system 

is an open-system with a chemical reaction, six mass interactions, and a heat interaction. 

Reactants (chlorine, hydrogen peroxide, and hydrogen peroxide) are pumped into the tank along 
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with helium, resulting in an exothermic reaction. Products are separated to remove the potassium 

chloride salt and pump gas (helium, chlorine, oxygen, and water) products into the nozzle 

system. Unused chemicals (hydrogen peroxide and potassium hydroxide) are recycled to remove 

energy from the SOG along with the heat interaction to maintain the SOG operating temperature.  

The thermodynamic model for the SOG is a system of three equations: energy conservation, 

mass conservation, and chemical equilibrium. They appear, respectively, in Table 3.17, Table 

3.18, Table 3.19.  

 

Table 3.17 COIL DEWS SOG thermodynamic model equations. 

Variable Description Model equation 

SOGT  SOG temperature 

 
  

2

1

1
1,2,

t

t

outinheat
SOG

SOGSOG dtHHQ
mc

TT 

 

 

    o
r

i
in

o
ii

r

i
out

o
ii

in

inout hhhhhv
m

HH



  )1(




 

 

     
OH

o
oOH

o
o

r

i
out

o
ii hhxhhxhh

OO 221
2

1
2







 





 

  

     
22 Cl

o
oClHe

o
oHeKCl

o
oKCl hhxhhxhhx 

 

   
2222 OH

o
oOHKOH

o
oKOH hhxhhx 

 
 

 

     
222222 OHOHClCl

o
i

o
i

r

i
in

o
ii hhxhhxhh   

   
He

o
iHeKOH

o
iKOH hhxhhx 

 
 

 

  OH

o

KCl

o

O

o

KOH

o

OH

oo

fffff
hhhhhh

2
1

222

222 


 

SOGm  SOG mass 

SOGc
 

SOG specific heat 

capacity 

heatQ  

Heat interaction 

with the working 

fluid 

inH  
Enthalpy flow rate 

into  the system 

outH  
Enthalpy flow rate 

out of the system 

v  
Stoichiometric 

coefficient 

  Degree of reaction 

oh
 

Enthalpy of 

reaction 

x  Mass fraction 

o

f
h  

Enthalpy of 

formation 

 

 



42 

 

 Chemicals follow ideal or incompressible behavior for gases and liquids. The specific 

heat for the control volume is a mass averaged approximation of the chemicals present inside the 

control volume. The products formed from the chemical reaction are calculated using the degree 

of reaction and chemical equilibrium constant. 

 

Table 3.18 COIL DEWS SOG mass conservation equations. 

Variable Description Model equation 
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Table 3.19 COIL DEWS SOG chemical equilibrium constant equation
48

. 

Variable Description Model equation 
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Figure 3.14 COIL DEWS SOG thermodynamic system. 

3.2.1.2 Exergy Model 

The thermodynamic system for the SOG exergy model is shown in Figure 3.15. 

Chemicals transfer entropy into the system, while the effluent flow and a heat interaction transfer 

entropy out of the system.  Finite temperature gradients, pressure losses, and chemical reaction 

generate entropy within the control volume. The entropy equation applied to the SOG is 

presented in Table 3.20 

 

 

Figure 3.15 COIL DEWS thermodynamic system for the SOG exergy model. 
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Table 3.20 COIL DEWS SOG and working fluid composite system exergy model equations. 

Variable Description Model equation 
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3.2.2 Vaporizer 

 A storage tank contains solid iodine. Applying enough heat to the tank vaporizes 

diatomic iodine. Once a vapor, the iodine is mixed with helium and is injected into the 

converging-diverging nozzle system. Again, helium is added to the iodine to increase its 

transport characteristics.  
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3.2.2.1 Thermodynamic Model 

 The vaporizer is defined by an open thermodynamic system, shown in Figure 3.16, with 

heat and mass interactions. Energy is added to the storage tank to vaporize iodine. Vaporized 

iodine is pumped out of the system and mixed with helium. The thermodynamic model consists 

of the energy and mass balances, presented in Table 3.21. For this lumped capacitance model, 

iodine behaves as a perfect gas. 

 

 

Figure 3.16 COIL DEWS vaporizer thermodynamic system. 

Table 3.21 COIL DEWS vaporizer thermodynamic model equations. 

Variable Description Model equation 

vapu  
Vaporizer internal 

specific energy 
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3.2.2.2 Exergy Model 

 The thermodynamic system for the vaporizer exergy model is presented in Figure 3.17. 

Gas leaving the vaporizer transfers entropy out of the system, while a heat interaction transfers 

entropy into the system. Finite temperature gradients and pressure losses generate entropy within 
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the control volume. The entropy equation for the vaporizer exergy model is displayed in Table 

3.22. 

 

Figure 3.17 COIL DEWS thermodynamic system for the vaporizer exergy model. 

Table 3.22 COIL DEWS vaporizer exergy model equations. 

Variable Description Model equation 

vapirrS ,  
Vaporizer entropy 

generation 
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3.2.3 Converging-Diverging Nozzle System 

Inside the converging-diverging nozzle subsystem, singlet oxygen dissociates diatomic 

iodine into atomic iodine and subsequently excites atomic iodine particles to a high spin state. 

Electronically excited oxygen transfers energy to iodine as shown by the chemical reaction 

mechanism in equation (3.2). In equation (3.2), the species      ,,, 2/1
21

22/3
2 PIOPI   and 

 3
2O  represent the ground state atomic iodine molecule, excited oxygen molecule in the first 

electron state , excited atomic iodine molecule in the first spin state, and the ground state oxygen 

molecule, respectively. Thermal energy and pressure are converted to kinetic energy to lower 
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bulk flow temperature and maximize atomic iodine production. The operating characteristics for 

the nozzle system are shown in Table 3.23. 

 

        3
22/1

21
22/3

2 OPIOPI  (3.2) 

 

Table 3.23 COIL DEWS nozzle operating characteristics.
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Inlet temperature 

[K] 
300 

Inlet pressure 

[Torr] 
70 

Inlet speed 

[Ma] 
0.4 

Outlet temperature 

[K] 
150 

Outlet pressure 

[Torr] 
10 

Outlet speed 

[Ma] 
2.0 

3.2.3.1 Thermodynamic Model 

 The thermodynamic model for the converging-diverging nozzle subsystem shown in 

Figure 3.18 represents an open system with one chemical reaction mechanism, one heat 

interaction, and two mass interactions. The chemical equilibrium constant for the chemical 

reaction mechanism shown in equation (3.2) is empirically derived. The two mass interactions 

occur at the inlet and exit of the nozzle subsystem. Effluent flow enters the subsystem at high 

pressure, low speed and leaves at low pressure, high speed. The thermodynamic model combines 

energy conservation, mass conservation, and chemical equilibrium, as shown in Table 3.24, 

Table 3.26, and Table 3.25, respectively. This model assumes lumped capacitance and ideal gas 

behavior.  

 

Figure 3.18 COIL DEWS nozzle thermodynamic system. 
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Table 3.24 COIL DEWS nozzle thermodynamic model equations. 

Variable Description Model equation 

nozT  Nozzle temperature  
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nozm  Nozzle mass 

nozc
 

Nozzle specific 

heat capacity 

inH  
Enthalpy flow rate 

into the system 

outH  
Enthalpy flow rate 

out of the system 

 

Table 3.25 COIL DEWS nozzle chemical equilibrium constant equations.
16, 45

 

Variable Description Model equation 

eqK  

Chemical 

equilibrium 

constant for 

equation (3.2) 
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Table 3.26 COIL DEWS nozzle mass conservation equations. 

Variable Description Model equation 

MW  Molecular weight 

 
in

HeIHeOHClO

noz mmmmmm
dt

dm





 

 2,1, 2221
2



 

 
out

IIOHeOHClO
mmmmmmm 





 

 *22221
2


 

    dMWdm
OO 

 1
2

1
2

 

dMWdm II 

 
dMWdm OO 22



 
dMWdm II ** 

 

  
Reaction 

coordinate 

3.2.3.2 Exergy Model 

The thermodynamic system for the nozzle subsystem exergy model is illustrated in 

Figure 3.19. The effluent flow transfers entropy into and out of the system. Finite temperature 

gradients, pressure losses, and mixing generate entropy within the control volume. The entropy 

equation for the nozzle subsystem model is presented in Table 3.27. 

 

 

Figure 3.19 COIL DEWS thermodynamic system for the nozzle exergy model. 
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Table 3.27 COIL DEWS nozzle exergy model equations. 

Variable Description Model equation 

nozirrS ,  
Nozzle entropy 
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nozirrdes STEx ,0
 

inS  
Entropy flow rate 

into the system 

outS  
Entropy flow rate 

out of the system 

desEx  
Exergy 

Destruction 

3.2.4 Resonator 

 Inside the resonator, an electromagnetic wave is applied to the excited iodine particles. 

Excited atomic iodine particles circulate through the optical cavity releasing photons through 

stimulated emission, transitioning iodine particles from a higher to lower spin state. The iodine 

atoms release photons according the relationship shown in equation (3.3). In equation (3.3), the 
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species  2/3
2PI  and  2/1

2PI  represent the ground state atomic iodine molecule and excited 

atomic iodine molecule in the first spin state, respectively. Radiation is extracted through a semi-

permeable mirror and redirected towards the target. The effluent flow leaves the resonator and 

enters the pressure recovery subsystem. 

 

     mhvPIPI 315.12/3
2

2/1
2   (3.3)  

 

Table 3.28 COIL DEWS resonator operating characteristics.
16

 

Inlet temperature 

[K] 
150 

Inlet pressure 

[Torr] 
10 

Outlet temperature 

[K] 
150 

Outlet pressure 

[Torr] 
5 

3.2.4.1 Thermodynamic Model 

 The resonator model is represented by an open and insulated thermodynamic system with 

one work and two mass interactions shown in Figure 3.20. The incoming excited atomic iodine 

particles are stimulated to emit radiation, which leaves the cavity in a work interaction.  

 

 

Figure 3.20 COIL DEWS resonator thermodynamic system. 

 The model assumes that all excited iodine transitions back to the ground spin state. High 

speed, low pressure flow leaves the resonator and enters the pressure recovery subsystem. The 
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thermodynamic model is shown in Table 3.29. This model assumes ideal gas behavior and 

lumped capacitance. 

 

Table 3.29 COIL DEWS resonator thermodynamic model equations. 

Variable Description Model equation 
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Resonator 

temperature  
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resm  Resonator mass 

resc
 

Resonator specific 

heat capacity 

laseW  

Radiative work 

done by the system 

inH
 

Enthalpy flow rate 

into the system 

outH  
Enthalpy flow rate 

out of the system 

3.2.4.2 Exergy Model 

 The thermodynamic system for the resonator exergy model is presented in Figure 3.21 

and in Table 3.30. The effluent flow transfers entropy into and out of the system. Entropy is 

generated due to optical deficiencies, finite temperature gradients, and pressure losses.  
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Figure 3.21 COIL DEWS thermodynamic system for the resonator exergy model. 

Table 3.30 COIL DEWS resonator exergy model equations. 

Variable Description Model equation 

resirrS ,  
Resonator entropy 

generation 
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3.2.5 Pressure Recovery System 

 To reject the effluent flow, the pressure of the gases must be increased to exceed 

atmospheric conditions. Incoming flow from the resonator travels through a diffuser and ejector, 

also known as the pressure recovery subsystem (PRS). 
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Table 3.31 COIL DEWS PRS operating characteristics.
16

 

Inlet Temperature 

[K] 
150 

Inlet Pressure 

[Torr] 
10 

Inlet Speed 

[Ma] 
2 

Outlet Pressure 

[Torr] 
150 

3.2.5.1 Thermodynamic Model 

 The thermodynamic system for the pressure recovery subsystem model is depicted in 

Figure 3.22. The system is an open-system with no chemical reaction mechanisms and two mass 

interactions. High speed, low pressure flow enters the system and exchanges kinetic energy for 

pressure. Once the pressure increases enough to be exhausted, the flow is ejected into the 

atmosphere.  

Table 3.32 COIL DEWS PRS thermodynamic model equations. 

Variable Description Model equation 

PRST  PRS temperature  
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Total flow rate  into 
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outH  
Total flow rate out 

of the system 
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 Detailed in Table 3.32, this thermodynamic model assumes ideal gas behavior and 

lumped-capacitance. The specific heat for the control volume is a mass averaged approximation 

of the gases present in the control volume. 

 

Figure 3.22 COIL DEWS PRS thermodynamic system. 

3.2.5.2 Exergy Model 

The thermodynamic system for the PRS exergy model is shown in Figure 3.23. The 

effluent flow transfers entropy across system boundaries. Finite temperature gradients, pressure 

losses, and mixing generate entropy within the control volume. The entropy equation for the PRS 

exergy model is detailed in Table 3.33. 

 

Table 3.33 COIL DEWS PRS exergy model equations. 

Variable Description Model equation 

PRSirrS ,  
PRS entropy 

generation 
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Figure 3.23 COIL DEWS thermodynamic system for the PRS exergy model. 

3.3 High Power Thermal Management Subsystem (HPTMS) 

 To satisfy the rigorous cooling demands of a DEWS, an independent and dedicated TMS 

is necessary. Current aircraft TMSs cannot handle the amount of heat and energy generated by a 

DEWS. In addition, modern aircraft do not possess devices capable of cooling large heat fluxes. 

The HPTMS provides additional thermal capacity in the form of thermal storage and cools the 

DEWS using high heat-flux devices. This subsystem thermally connects the DEWS to the 

INVENT tip-to-tail model. Energy acquired from the DEWS is rejected through heat exchangers 

connected to the open-system fluid networks onboard the aircraft. A detailed explanation of how 

the subsystem operates is presented in Chapter 4.  

 

 

Figure 3.24 Configuration of the HPTMS. 
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 Figure 3.24 shows a schematic of the configuration for a HPTMS, which is comprised of 

a compact heat exchanger, thermal energy storage, working fluid (PAO), fluid storage tank, and 

several microchannel coolers. Coolant properties for the PAO are taken from Yaws 
51

 for the 

compound 1-decene (C10H20).  

 Models for a compact heat exchanger, TES, and microchannel cooler are given in the 

following sections.  

3.3.1 Heat Exchanger 

 A heat exchanger connects the HPTMS to one of the other onboard TMSs (i.e., APTMS 

or FTMS). As the HPTMS is a closed-system, all of the heat generated by the DEWS is rejected 

through the heat exchanger to an open network. The efficacy of the heat exchanger to transfer 

energy drives the performance of the HPTMS.  If connected to the APTMS, PAO exchanges heat 

with air.  If connected to the FTMS, PAO exchanges heat with fuel (jet fuel propellant, JP8).   

 Plate-fin heat exchangers offer better sizing and rating characteristics for a compact 

design when compared to other heat exchanger types (i.e., shell and tube, flat tube). The rating 

and sizing methodologies for compact, plate-fin heat exchangers are taken from Kays and 

London 
55

 , Shah 
56

,  and Kreith 
57

 . 

 The counterflow, plate-fin heat exchanger model is created from a collection of 

thermodynamic, geometric, heat transfer, and exergy models. In addition, the counterflow heat 

exchanger model is a one-dimensional instead of a lumped-parameter model discretized along 

the axial flow direction with a finite difference approximation 

3.3.1.1 Thermodynamic Model 

The composite thermodynamic system is shown in Figure 3.25, which contains two 

working fluids and a heat exchanger. This system describes an open-system with two mass 

interactions. Individual thermodynamic energy and mass conservation balances for the two 

working fluids and heat exchanger account for heat transfer. These thermodynamic models are 

presented in Table 3.34. The composite system assumes incompressible behavior and one-

dimensional flow. 
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Figure 3.25 HPTMS heat exchanger composite thermodynamic system. 

Table 3.34 HPTMS heat exchanger, hot fluid, and cold fluid thermodynamic model equations 

Variable Description Model equation 
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3.3.1.2 Heat Transfer Model 
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Table 3.35 HPTMS heat exchanger heat transfer model equations. 

Variable Description Model equation 
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Table 3.36 HPTMS heat exchanger geometric parameters. 

Variable Description Model equation 

hD  Hydraulic diameter 
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 Details of the heat transfer model are given in Table 3.35 and Table 3.36. Typical values 

for fin geometry were obtained through Shah
56

. The heat transfer and geometric characteristics 

are determined by the effectiveness-NTU method for a counterflow heat exchanger using an 

iterative design process implemented by Weise
58

 and developed by Hesselgreaves
59

. With 

knowledge of the inlet conditions of the working fluids into the heat exchanger, an initial set of 

geometric parameters is determined using the effectiveness-NTU method. In this case, for the 

most constrained set of inlet conditions (mass flow rate and temperature) entering the heat 

exchanger during the mission, a minimum heat transfer must occur between the working fluids. 

The iterative method refines geometric parameters of the heat exchanger until the predicted 

thermal and mechanical characteristics match the analytical thermal and mechanical 

characteristics. Although the effectiveness-NTU method is restricted to steady-state analyses, it 

is only employed once to determine the heat transfer and geometric characteristics of the heat 

exchanger. Once the geometry of the heat exchanger is determined, it is fixed for the entire 

mission. During operation, film coefficients and physical properties of the working fluids are 

dynamically updated using the Gnielinski and other empirical correlations. 

3.3.1.3 Exergy Model 

 The composite thermodynamic system for the heat exchanger exergy model is shown in 

Figure 3.26, which contains the heat exchanger, hot fluid, and cold fluid.  

 

 

Figure 3.26 HPTMS composite thermodynamic system for the heat exchanger exergy model. 
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  Modeling the system in 1D provides more accurate representations of the exergy 

destruction distribution across the heat exchanger then if a lumped-parameter model had been 

used. Finite temperate gradients, thermal resistance, and pressure losses contribute to the exergy 

destruction. The entropy equation applied to the composite thermodynamic system is given in 

Table 3.37. 

 

Table 3.37 HPTMS heat exchanger, hot fluid, and cold fluid composite system model equations. 

Variable Description Model equation 
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3.3.2 TES - Phase Change Material (PCM) 

 TES (PCMs) is a passive device that stores thermal energy within an insulated reservoir. 

Phase change materials (PCMs) are a common form of thermal energy storage that capitalize on 

the advantage over sensible heating storing of energy in a material during an isothermal phase 

change. PCMs are composite substances, in this case, a combination of paraffin wax and carbon 

foam. The properties of the paraffin wax, carbon foam, and composite material are shown in 

Table 3.38, Table 3.39, and Table 3.40, respectively. The paraffin wax (pentadecane) melts at 

10
o
C with an enthalpy of fusion of 205 kJ/kg

21, 22
. Pentadecane is chosen as the paraffin wax 

because the fusion temperature falls below the operating range of the PAO coolant during lasing. 
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Carbon foam is added to the paraffin wax to enhance the thermal properties of the PCM thermal 

conductivity. The properties of a paraffin wax and carbon foam composite with an assumed 

porosity of 0.8 is detailed in Table 3.40. Recent developments at General Atomics have yielded a 

notional TES with PCM. This TES device is capable of storing 8 MJ of energy at a rate of 250 

kW. Table 3.41 shows data acquired from General Atomics on the current properties of their 8 

MJ TES cells using PCM
60

.  

 

Table 3.38 Properties of the paraffin 

wax.
22

 

 

Table 3.39 Properties of carbon foam. 
22

 

PCM Properties 
n-Pentadecane 

(C15H32) 

 Carbon Foam 

Properties 
K1100 

Melt temperature 

[oC] 10 
 Porosity 

[%] 80 

Thermal 

conductivity 

[W/m/k] 

0.2 
 Thermal 

conductivity 

[W/m/k] 

1,100 

Density 

[kg/m3] 768 
 Density 

[kg/m
3
] 2,200 

Latent heat of 

fusion 

[kJ/kg] 

205 
  

 

 
 

  
 

Table 3.40 Effective properties of the 

paraffin wax in carbon foam.
22

 

 Table 3.41 Properties of a 8 MJ  TES 

cell developed by General Atomics.
60

 

Composite 

Properties 

n-Pentadecane 

(C15H32) 
 

TES Properties 8 MJ device 

Effective density 

[kg/m
3
] 

1,054.4 
 Storage Rate 

[kW] 
250 

Effective thermal 

conductivity 

[W/m/k] 

220.16 
 Maximum energy 

storage 

[MJ] 

8 

   Specific energy 

[kJ/kg] 
200 

   Energy Density 

[MJ/m
3
] 

100 

 

 This thesis research investigated the possible benefits of implementing a TES into the 

HPTMS. The addition of thermal storage to the HPTMS delays heat rejection to the other 
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onboard thermal management networks (the APTMS and FTMS) and increases the thermal 

capacity of the HPTMS. Additionally, the TES provides control of the duration and magnitude of 

the heat rejected through the compact heat exchanger.  

 Thermodynamic, heat transfer, and exergy models are developed for the TES cell. Also, 

the TES cell is discretized into a quasi-, 2D grid using a finite difference approach. The data 

presented in Table 3.38, Table 3.39, Table 3.40, and Table 3.41 further supplement the 

development of the PCM model. 

3.3.2.1 Thermodynamic Model 

 The composite thermodynamic system for the TES thermodynamic model is illustrated in 

Figure 3.27, which contains the TES and working fluid. The PCM interacts with the HPTMS 

working fluid.  

 

Table 3.42 HPTMS TES and working fluid thermodynamic model equations. 

Variable Description Model equation 
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PCMT  PCM temperature 

PCMm  PCM mass 

heatQ  
Heat interaction 

with working fluid 

  infhm ,


 

Fluid enthalpy flow 

rate into the system 

  outfhm ,


 

Fluid enthalpy flow 

rate out of the 

system 

 

 Fluid passes through channels attached to the surface of the thermal energy storage cell. 

Depending on the temperature gradient between the bulk fluid flow temperature and the TES 

surface temperature, the fluid exchanges energy within the PCM. Thermodynamic models for the 
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TES and HPTMS working fluid are shown in Table 3.42. The closed-system TES and open-

system HPTMS working fluid models assume ideal, incompressible behavior.  

 

 

Figure 3.27 HPTMS TES composite thermodynamic system. 

3.3.2.2 Heat Transfer Model 

Charging and discharging PCM relies on two heat transfer mechanisms, conduction and 

convection.  Energy enters or exits the TES cell surface in contact with the working fluid. Within 

the TES cell, energy diffuses throughout the phase change material. The PCM is discretized in 

the axial flow direction allowing energy diffusion to occur between adjacent control volumes. 

The temperature gradient between the TES surface temperature and fluid bulk flow temperature 

forces convection between the two mediums. The interface between the TES cell and working 

fluid is similar to the geometry of a compact, plate-fin heat exchanger. As with the plate-fin heat 

exchanger model, the Nusselt number is defined by the Gnielinski correlations.  

 

Table 3.43 HPTMS TES and working fluid heat transfer model equations. 

Variable Description Model equation 

heatQ  
Heat interaction 

with working fluid 
)( ,PCMsurfacefluidsheat TThAQ 

 

 

h  Film coefficient 

sA  
Effective heat 

transfer  area 
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3.3.2.3 Exergy Model 

The composite thermodynamic system for the TES exergy model is displayed in Figure 

3.28, which contains TES and the working fluid.  

 

Figure 3.28 HPTMS composite thermodynamic system for the TES exergy model. 

The working fluid transfers entropy into and out of the control volume. Entropy is generated 

inside the system due to finite temperature gradients and pressure losses. The entropy equation is 

applied to the composite thermodynamic system detailed in Table 3.44. 

 

Table 3.44 HPTMS TES exergy model equations. 

Variable Description Model equation 

PCMirrS ,  
PCM entropy 

generation 
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PCMs
 

PCM specific 

entropy 

heatT  
Local equilibrium 

temperature 

  outfsm ,


 

Fluid entropy flow 

rate out of the 

system 

  infsm ,


 

Fluid entropy flow 

rate into the system 

desEx  
Composite system 

exergy destruction 
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3.3.3 High-Heat Flux Microchannel Cooler 

 SSL components, diode arrays and gain media, require large heat fluxes to be removed. 

Microchannel coolers (MCC) are a means to do so since they are convection-cooled heat sinks 

designed for high-heat flux applications. The devices are capable of transferring heat fluxes from 

100 W/cm
2
 up to 1000 W/cm

2  22, 40, 61
. A microchannel heat sink is typically attached to a 

thermally conductive material bonded to the surface of the active device. To achieve high-heat 

flux cooling, MCCs enhance convection with several heat transfer mechanisms, such as jet 

impingement, nucleate boiling, and two-phase flow
41, 61, 62

.  

For diode arrays, high-power and condensed packaging result in large heat fluxes being 

generated by diode stacks. Sufficient cooling requires the temperature of diode stacks to be 

uniform and maintained within a certain range of the operating temperature. Diode stacks 

combine numerous MCCs, one for each diode bar. Within each MCC, coolant impinges on the 

surface of a heat spreader bonded to a diode bar. A common metric to analyze the cooling 

performance is thermal resistance. The thermal resistance is generally given as a function of the 

volumetric flow rate passing through the device
38, 41, 62, 63

. As illustrated in Figure 3.29, the 

thermal resistance of a MCC decreases as the volumetric flow rate of the coolant increases.   

Depending on power, laser diode systems may need tens to hundreds of gallons per minute of 

coolant to meet cooling demands
62

.   

 

 

Figure 3.29 Thermal resistance for a microchannel cooler.
41, 63, 64
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 For gain media, sufficient cooling results in nearly uniform temperature distributions 

across the crystal, ceramic, or glass. Inability to cool the active media degrades efficiency and 

can cause fracture. To achieve adequate cooling, MCCs impinge coolant on an intermediate 

material bonded to the surface of the gain media. To ensure uniform cooling, tactically spaced 

jets spray coolant on intermediate heat spreaders. Intermediate heat spreaders are highly 

conductive materials designed to redistribute thermal energy away from the gain media
26

.  Gain 

media crystals can operate at high temperatures provided they have uniform cooling.  

 MCC models for diode arrays and gain media applications are described by 

thermodynamic, heat transfer, and exergy models in the following sections. 

3.3.3.1 Thermodynamic Model 

 The composite thermodynamic system for the MCC is given in Figure 3.30. Diode arrays 

and gain media generate heat loads which are transferred through MCCs to the HPTMS working 

fluid as high heat fluxes.  The thermodynamic models for MCC and HPTMS working fluid are 

presented in Table 3.45. The governing MCC cooler equation is developed for a closed-system 

that assumes lumped capacitance and ideal, incompressible behavior. The thermodynamic model 

for the working fluid represents the fluid inside the heat sink. This thermodynamic system is an 

open-system that assumes lumped capacitance and incompressible behavior. 

 

 

Figure 3.30 HPTMS MCC composite thermodynamic system. 
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Table 3.45 HPTMS MCC and working fluid thermodynamic model equations. 

Variable Description Model equation 

MCCu  
MCC specific 

internal energy 
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MCCT  MCC temperature 

MCCm  MCC mass 

componentQ
 

Heat interaction 

with device 

heatQ  

Heat interaction 

with working 

fluid 

  infhm ,


 

Fluid enthalpy 

convection into 

system 

  outfhm ,


 

Fluid enthalpy 

convection out of 

system 

3.3.3.2 Heat Transfer Model 

 The heat transfer model for the MCC is given in Table 3.46. Two heat transfer 

mechanisms are present during the cooling process, conduction and convection. Heat spreaders 

attached to the surface of the active device conduct heat away from the source. The effects of 

conduction between the device and heat spreaders are assumed negligible. This is a reasonable 

assumption because heat spreaders are constructed out of highly conductive materials like 

aluminum, copper, and diamond with wall thicknesses only a few millimeters thick. Convective 

loads are approximated using the effectivenss-NTU method for heat exchangers. To remove heat 

through convection, coolant impinges on the opposite surface of the heat spreader. The 

convection term is calculated differently for laser diode and gain media applications.  For laser 

diode applications, the convective load is determined from the thermal resistance of the MCC 

and HPTMS working fluid
65

. For gain media applications, the convective load is determined 

from correlations for PAO jet impingement on a flat surface
66

.  
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Table 3.46 HPTMS MCC heat transfer model equations.
65, 66

 

Variable Description Model equation 
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maxQ  
Maximum heat 

transfer 

minC  Fluid heat capacity 

h  
Fluid film 

coefficient 

fk  
Fluid thermal 

conductivity 

hD  Hydraulic diameter 

thR  Thermal resistance 

CujuncR 

 

Thermal resistance 

in the laser diode 

CVR  
Thermal resistance 

due to convection 

fR  
Thermal resistance 

in the fluid 

L  
Distance between 

jet and surface 

s  
Spacing between 

jets 
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Chapter 4 Model Integration 

This chapter focuses on the thermal integration of the electric DEWS into INVENT’s tip-

to-tail aircraft model.  

4.1 Integration of DEWS and HPTMS 

To thermally integrate the DEWS into the tip-to-tail, the composite system detailed in 

Figure 4.1 is constructed to connect the DEWS to one or more of the active cooling networks in 

the aircraft. This closed-loop cooling network recirculates PAO through the DEWS, TES, and a 

compact heat exchanger. Thermal energy acquired from the DEWS is rejected to the air in the 

APTMS or fuel in the FTMS via heat exchangers.  

 

 

Figure 4.1 Composite system consisting of the DEWS and HPTMS. 

As shown in Figure 4.2, PAO passes through the DEWS, removing heat from the battery 

bank, power electronics, diode arrays, gain media, and optics. Heat loads generated by the 

battery bank, power electronics, and optics are calculated using the component operating 
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efficiency. Heat loads generated by diode arrays and gain media are approximated using an 

effectiveness-NTU method. After exiting the DEWS, coolant flow separates, passing through the 

TES and the compact heat exchangers.  Coolant passing through the TES temporarily stores 

energy within PCM. The TES cell is sized to store a percentage of the maximum DEWS heat 

load. Coolant passing through the compact heat exchanger rejects energy to a secondary working 

fluid, in this case, air or fuel. The compact heat exchangers are sized according to inlet flow 

temperatures, flow rates, and rating load. Coolant recirculates through this network until the 

DEWS is turned off. Once the DEWS is turned off, a valve closes to prevent coolant from 

flowing through the DEWS. Coolant continues to flow through the TES and heat exchanger fluid 

circuit, rejecting stored energy in the TES through the compact heat exchangers. Once the TES 

has been restored to original conditions, the subsystem is ready for another shot.  

 

 

Figure 4.2 DEWS work and heat interactions with the HPTMS coolant. 

4.2 DEWS/HPTMS Integration into the INVENT Tip-to-Tail Aircraft Model 

 The composite system presented in Figure 4.1 is integrated into the INVENT tip-to-tail 

model for a long range strike aircraft. As described in Section 1.3, the INVENT tip-to-tail model 

consists of six subsystems: propulsion subsystem (PS), avionics subsystem (AVS), adaptive 

power and thermal management subsystem (APTMS), fuel thermal management subsystem 

(FTMS), high performance electric actuation subsystem (HPEAS), and robust electrical power 
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subsystem (REPS).  The APTMS and FTMS are the only onboard thermal management systems 

present in the aircraft. Therefore, the composite DEWS / HTPMS system is integrated into the 

APTMS and FTMS via heat exchangers.  

 A schematic of the modified APTMS is shown in Figure 4.3. The APTMS manages heat 

loads from the HPEAS and REPS. Bleed air from the engine compressor cools the cockpit and 

air-cooled avionics. Bleed air from the engine fan indirectly cools liquid-cooled avionics. Both 

bleed air streams are also used to power the integrated power pack. After absorbing thermal 

energy from the HPEAS and REPS, the aircraft rejects air into the surrounding environment, 

removing all accumulated thermal energy from the aircraft. 

 Referencing Figure 4.3, the composite system of Figure 4.1 is integrated into the APTMS 

between the air-to-air heat exchanger and the PAO-to-air heat exchanger. After analyzing 

simulations of the original tip-to-tail, this location possesses the greatest thermal capacity of any 

location within the APTMS. The mass flow rate throughout the subsystem is approximately 

around 2.0 kg/s, with the coolest bulk flow temperature occurring between the air-to-air and 

PAO-to-air heat exchangers. 

 

 

Figure 4.3 Schematic of the INVENT tip-to-tail aircraft model APTMS. 

A schematic of the FTMS is shown in Figure 4.4. The FTMS acts as a heat sink for the 

entire aircraft. Fuel serves as the primary coolant for aircraft components such as hydraulics, 

electric starter generator (ESG), engine pumps, and oil. Thermal energy heats the fuel which 
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ultimately combusts at a higher temperature, yielding higher combustion efficiencies
67

. 

Typically, the fuel tank temperature is monitored to gauge the performance of the FTMS. This 

temperature must be maintained below the vaporization temperature of the fuel, around 138
o
F for 

jet propellant
1
. The composite DEWS / HPTMS system is integrated into the FTMS immediately 

after the fuel tank.   

 

Figure 4.4 Schematic of the INVENT tip-to-tail aircraft model FTMS. 

 The HPTMS is integrated into both the APTMS and FTMS to maximize energy transfer 

out of the subsystem. In addition to the PAO-to-air heat exchanger, the PAO-to-fuel heat 

exchanger offers additional capacity to remove thermal energy from the HPTMS. After passing 

through the PAO-to-air heat exchanger connected to the APTMS, the coolant enters or bypasses 

the PAO-to-fuel heat exchanger connected to the FTMS depending on the temperature of the 

fuel.  
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Chapter 5 Results and Discussion 

Previous chapters are concerned with the formulation and integration of DEWS, HPTMS, 

and tip-to-tail models. Chapter 5 focuses on the simulation of individual subsystem and 

component models as well as the fully integrated tip-to-tail model. The first part of Chapter 5 

provides results for validations of the behavior of the individual subsystem and component 

models. This second part of Chapter 5 examines the interaction between the DEWS / HPTMS 

composite subsystem and the INVENT tip-to-tail aircraft model through mission simulation and 

result analysis.  

5.1 Individual Subsystem and Component Model Validations and Results 

This section validates subsystem and component models by comparing results and 

responses to published data, steady-state results, and “rule-of-thumb” approximations. 

5.1.1 Electric SSL DEWS 

 The electric DEWS is a composite subsystem comprised of power storage, power 

conditioning equipment, optics, and a SSL operating at constant efficiencies. Consequently, the 

power and thermal performance of the DEWS is governed by these operating efficiencies. Table 

5.1 presents the efficiencies for various components of several published electric DEWSs. SSL 

DEWS model efficiencies for power conditioning, diode arrays, gain media, and optics are taken 

from these sources. The power storage efficiency is obtained from Allen et al.
34

. Advancements 

in battery technology have produced higher specific power and power densities for lithium-ion 

cells in the last decade. With these improvements, operating efficiencies remain in the 75 to 80% 

range for high power applications. In addition, advancements in laser technology over the last 

few years have yielded improved efficiencies, nearly doubling the efficiency of a SSL. The main 

deficiency within each SSL DEWS is attributed to the SSL (laser diodes and gain media), with 

efficiencies ranging from 10% to 24.5%. Developments in host materials for the gain media, 

ceramics, laser diode pumping methods, and laser diodes contribute to increased efficiencies.  

 With efficiencies for power conditioning and optical equipment at 95% and higher, the 

greatest potential to improve the thermal performance of the system is to increase the operating 

efficiencies of the battery bank and SSL. The selection of operating efficiencies for the SSL 
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DEWS from published data model reflects recent advances in SSL and lithium-ion battery 

technology. 

 

Table 5.1 Published operating efficiencies for components of an electric DEWS. 

 Shanmugasundaram
22

 

[2007] 

Latham
25

 

[2011] 

Adams
37

 

[2002] 

Injeyan
4
 

[2009] 

SSL 

DEWS 

Model 

Power Storage 80.0 - - - 75.0
34

 

Power 

Conditioning 
94.0 - - 95.0 94.0 

Gain Media  24.0 43.0 20.0 33.9 43.0 

Laser Diodes  50.0 57.0 50.0 57.0 57.0 

Solid-State 

Laser 
12.0 24.5 10.0 19.3 24.5 

Optics 100.0 - - - 98.0 

DEWS 9.0 - - - 16.9 

 

Little published data exists on the coolant requirements for SSL DEWSs. In order to 

validate simulation results, baseline coolant requirements for SSL DEWS components mass flow 

rates are calculated and compared using two methods. These methods are a steady-state analysis 

and a standalone version of the SSL DEWS model developed here. For this analysis, a 100 kW 

SSL DEWS lases for 10 seconds. Operating at an efficiency of 16.9%, the 100 kW DEWS 

generates 492 kW of heat and 4,920 kJ of thermal energy. The duty cycle for the SSL DEWS is 

shown in Figure 5.1. 
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Figure 5.1 Power and thermal outputs of the 100 kW SSL DEWS model developed in Chapter 3 

operating for a duration of 10 seconds 

 

The steady-state analysis estimates the required mass flow rates for cooling the DEWS 

during lasing. The flow rate is calculated as the amount of fluid necessary to completely remove 

the heat load and exit at the operating temperature of the device. Equation (5.1) is the steady-

state energy balance for the thermodynamic systems presented in Figure 5.2 and Figure 5.3 for 

the diode arrays and gain media, respectively. Coolant temperatures for laser diode and gain 

media applications typically range from 10
o
C to 20

o
C. The inlet fluid temperature of 15

o
C is 

chosen as a reference.  

 

Figure 5.2 Steady-state, thermodynamic system of the diode arrays for a 100 kW SSL DEWS. 
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Figure 5.3 Steady-state, thermodynamic system of the gain media for a 100 kW SSL DEWS. 

 The results of the steady-state analysis for the diode arrays and gain media are presented 

in Table 5.2. For a 100 kW SSL DEWS, diode arrays and gain media generate 179.0 and 135.3 

kW of heat, respectively. With a coolant inlet temperature of 288 K, the diode arrays and gain 

media require PAO flow rates of 6.98 and 2.31 kg/s to maintain sufficient operating conditions, 

respectively. These mass flow rates of PAO represent ideal situations in which all of the heat is 

transferred into the working fluid. 

 

Table 5.2 Mass flow rate requirements for the diode arrays and gain media for a coolant inlet temperature 

of 288 K. 

 Units Laser diodes Gain media 

Inlet fluid 

temperature 
[K] 288 288 

Outlet fluid 

temperature 
[K] 300 315 

Specific heat 

capacity 
[kJ/kg/K] 2.136 2.165 

Maximum 

load, maxQ  
[kW] 179.0 135.3 

Mass flow rate [kg/s] 6.98 2.31 

 

 outinp TTc

Q
m


 max


  (5.1) 
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  The DEWS model developed in Chapter 3 is used to calculate the required flow rate to 

sufficiently cool the SSL DEWS components. A test bed supplies coolant at a constant rate and 

inlet temperature to a standalone version of the SSL DEWS. Figure 5.4 and Figure 5.5 show the 

temperature responses of the diode arrays and gain media to mass flow rate of PAO with a 

coolant inlet temperature of 288 K. The average heat loads and temperature changes for SSL 

DEWS components are shown in Table 5.4. The diode arrays need 13.82 kg/s of coolant to 

remain at a temperature of 300 K. The gain media requires 5.85 kg/s of coolant to remain at 315 

K.  

 

Table 5.3 Mass flow rate calculations using model for a 100 kilowatt SSL device 

 Units Laser diodes Gain media 

Operating Temperature 

 
[K] 300 315 

Required mass flow rate 

@ 288 K 
[kg/s] 13.82 5.85 

 

 

Figure 5.4 Temperature response of the diode arrays to a 100 kW SSL DEWS lasing for 10 seconds. 

 

Figure 5.5 Temperature response of the gain media to a 100 kW SSL DEWS lasing for 10 seconds. 
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Table 5.4 Average heat load and temperature change of SSL DEWS components for a 100 kW lasing for 

10 seconds. 

 Units 
Power 

Storage 

Power 

Electronics 

Diode 

Arrays 

Gain 

Media 
Optics 

Average Heat 

Load 

 

[kW] 116.7 15.0 178.9 134.5 -24.2 

Temperature 

Change 
[K] 2.9 2.5 20.6 5.6 0.2 

 

SSL DEWS model approximations for the required flow rates are 13.82 and 5.85 kg/s of 

PAO for the diode arrays and gain media, respectively, with a coolant inlet temperature of 15
o
C. 

The steady-state analysis yields mass flow rate requirements of 6.98 and 2.31 kg/s of PAO for 

the diode arrays and gain media, respectively, with coolant inlet temperature of 15
o
C. The 

necessary mass flow rates from each method to maintain operating conditions of the diode arrays 

and gain media differ by 49.5 and 60.5%, respectively. Although different, the model does not 

violate the theoretical limits set by the steady-state analysis for these operating conditions. 

Discrepancies between SSL DEWS model and steady-state flow rate approximations can be 

attributed to difference in heat transfer. The SSL DEWS calculates convective heat transfer 

based on the mechanical and thermal properties of PAO, while the steady-state analysis assumes 

complete heat transfer from the device to the working fluid. PAO has a much greater viscosity 

than water and other coolants, more than an order of magnitude, which leads to poor convective 

cooling qualities.  

5.1.2 Chemical COIL DEWS Model 

The chemical oxygen-iodine laser (COIL) for the chemical DEWS is compared to 

experimental data and a heuristic model formulated by Truesdell
15

. The data presented in Table 

5.5 are the flow rate requirements for the reacting chemicals to achieve 1 MW. This data is based 

on the 10 kW COIL device tested in Truesdell, but scaled to produce 1 MW. The model predicts 

similar chemical flow requirements as the experimental data provided by Truesdell. Some 

discrepancies between the model and experimental data are attributed to the ideal behavior 

assumption to the neglect of some chemical loss mechanisms in each component. 

This heuristic model predicts the output power of the COIL, i.e., 
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 Chlorine utilization, as calculated in equation (5.4), is determined from the output data of 

the singlet oxygen generator (SOG). The chemical ratios presented in equation (5.5), equation 

(5.6), and equation (5.7) are evaluated from the output data of the converging-diverging nozzle 

system. The extraction efficiency of the resonator is assumed to be 0.9.  

 The inlet and outlet conditions of the SOG from the COIL DEWS model are presented in 

Table 5.6. A mixture of chlorine and helium gas reacts with a liquid hydrogen peroxide and 

potassium hydroxide mixture to produce water, excited oxygen, and potassium chloride. The 

SOG reaches a steady-state temperature of 263.2 K, yielding (moles of oxygen). The chlorine 

utilization of the SOG is 0.70.  
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Table 5.5 Chemical flow rate requirements for a one megawatt COIL device. 

 Truesdell 

[1992] 

Model 

Mass Flow Rate of 

Chlorine, Cl2 

[kg/s] 

5.09 4.34 

Mass Flow Rate of 

Hydrogen Peroxide, H2O2 

[kg/s] 

358.24 195.3 

Mass Flow Rate of Primary 

Helium, He 

[kg/s] 

1.22 0.74 

Mass Flow Rate of Iodine, 

I2 

[kg/s] 

0.28 0.23 

Mass Flow Rate of 

Secondary Helium, He 

[kg/s] 

0.57 0.29 

 

 

Table 5.6 The inlet and outlet conditions of the SOG in the COIL DEWS model. 

Substance 
Inlet Rate 

[kg/s] 

 Tin 

[K] 

Outlet Rate 

[kg/s] 

Tout 

[K] 

2Cl  4.34 298 1.30 263.2 

He  0.74 298 0.74 263.2 

22OH  195.3 263 193.8 263.2 

KOH  322.1 263 317.3 263.2 

 12O  
- - 1.37 263.2 

OH2  - - 1.54 263.2 

KCl  - - 6.39 263.2 
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Table 5.7 The inlet and outlet conditions of the nozzle subsystem in the COIL DEWS model. 

Substance 
Inlet Rate 

[mol/s] 

 Tin 

[K] 

Outlet Rate 

[mol/s] 

Tout 

[K] 

2Cl  1.30 263.2 1.30 190.3 

He  0.74 263.2 1.03 190.3 

 12O  
1.37 263.2 0.33 190.3 

OH2  1.54 263.2 1.54 190.3 

2I  0.23 383 0.10 190.3 

He  0.29 383 - 190.3 

 3
2O  

- - 1.02 190.3 

*I  - - 0.13 190.3 

I - - 0.05 190.3 

     

Table 5.8 Truesdell’s heuristic model applied to the COIL model developed in Chapter 3. 

Parameter Variable Value 

Chlorine flow rate, Cl2 

[mol/s] 
2Cln  61.20 

Chlorine Utilization 2ClU  0.70 

Pooling loss  plenumY  1.00 

Dissociation loss  ondissociatiY  0.24 

Nozzle equilibrium effect thresholdY  0.075 

Resonator Efficiency ext  0.90 

COIL Output Power 

[MW] 
outP  2.54 

 

 The inlet and outlet conditions of the converging-diverging nozzle system are shown in 

Table 5.7. The electronically excited oxygen dissociates diatomic iodine and subsequently 

excites atomic iodine to a higher spin state. The products of these reactions leave the nozzle 
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system with a temperature of 190.3 K. For these conditions, the chemical ratios in equation (5.6) 

and equation (5.7) are calculated as 0.24 and 0.075, respectively. This model neglects the 

pooling loss mechanisms associated with equation (5.5), resulting in a value of 1.  

 Table 5.8 shows values taken from the model and inserted into Truesdell’s heuristic 

model as shown in equation (5.2). The heuristic model predicts significantly greater output than 

one megawatt for the values given by the COIL model.  

5.1.3 Heat Exchanger Model 

The temperature distributions of a lumped-capacitance and one-dimensional heat 

exchanger model are examined and compared.  The discretization scheme for the 1D counterflow 

heat exchanger is illustrated in Figure 5.6.  

 

 

Figure 5.6 Example of the discretization scheme of the compact counterflow heat exchanger model with 

three nodes. 

Although Figure 5.6 shows a discretization scheme for three nodes, the number of nodes 

can be increased or decreased in the heat exchanger model.  At each node, convective and 

conductive heat transfers are calculated using material and fluid properties for that control 

volume. 

For two counterflow heat exchangers rated at 30 kW, Figure 5.7 depicts eight 

temperature profiles of the hot fluid at four instants of time.  Each heat exchanger has similar 

inlet conditions, with constant temperatures and flow rates.  The hot fluid (water) enters the heat 

exchanger with a mass flow rate of 5 kg/s with an inlet temperature of 320 K and the cold fluid 
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(air) enters the heat exchanger with a mass flow rate of 10 kg/s at an inlet temperature of 300 K. 

The red temperature profiles denote a ten-node heat exchanger model discretized in the axial 

flow direction, while the black temperature profiles represent a lumped-capacitance heat 

exchanger model. At four instants of time, the temperature distributions across each heat 

exchanger model are recorded. Noticeable deviations between the 1D and lumped-capacitance 

models occur during the transient region of operation.  In the transient region, the lumped-

capacitance model lags the 1D model resulting in fluid outlet temperature discrepancies up to 

±1.5 K. Considering the steady-state temperature difference of the hot fluid at the inlet and outlet 

is 7.2 K, temperature discrepancies between the lumped-capacitance and 10 node heat exchanger 

models reach 21% of this value in the transient region. Once at steady-state, the models calculate 

similar fluid outlet temperatures.  

 

 

Figure 5.7  Hot fluid temperature distributions for a lumped-capacitance and one-dimensional 

counterflow heat exchanger. 

Using the same inlet conditions as before, the number of nodes is varied from 2 nodes 

(lumped-capacitance) to 100 nodes for the counterflow heat exchanger model. The results are 

presented in Table 5.9 for heat exchanger models discretized into 2, 5, 10, 20, and 100 nodes. 

Increasing the number of nodes noticeably affects two characteristics of the counterflow heat 

exchanger model, accuracy and run time. As the number of nodes increase, so do the accuracy 

and runtime of the model.  The accuracy is calculated as the relative error in the temperature 
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change of the hot fluid at the inlet and outlet of the heat exchanger with respect to the result from 

100 node model. The accuracy reflects the greatest deviation in temperature of the 2, 5, 10, 20 

node models from the 100 node model. The last column in Table 5.9 is the ratio of time being 

simulated to the time required to run the model. In this case, the simulation time is 100 seconds. 

These results suggest that there are diminishing returns somewhere between 10 and 20 nodes. 

The relative error of the 10 node model is within 1% of the 100 node model, while running 212 

times faster than the 100 node model. As a side note, increasing the number of nodes can lead to 

stability issues; however, none were observed in the 100 node model.  

 

Table 5.9 A comparison of model accuracy and runtime when varying the number of nodes for the 

counterflow, compact heat exchanger model over a simulation time of 100 sec.  

Number of nodes ∆THot Fluid Accuracy Run time 

- [K] [%] [s] 

2 3.29 37.69 0.09 

5 4.90 7.20 0.10 

10 5.26 0.39 0.10 

20 5.39 -2.08 0.13 

100 5.28 - 21.74 

 

 Discretizing the heat exchanger model is essential for more accurately characterizing 

system behavior.  Due to constantly changing inlet conditions during the mission, the heat 

exchanger operates almost entirely in the transient region. Furthermore, with the heat exchanger 

model interfacing the HPTMS with the APTMS and FTMS, modeling transient temperature 

distributions within the heat exchanger is critical to accurately calculating the heat transfer 

between working fluids. Discretizing the heat exchanger within the 10 to 20 node range enhances 

accuracy without greatly effecting runtime, at 1.08 times slower than the lumped-capacitance 

model. Considering these factors, discretization of the heat exchanger model between 10 to 20 
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nodes yields better accuracy than lumped-capacitance model without significantly compromising 

computation time.  

To validate the behavior for the counterflow heat exchanger model, the temperature 

distribution profiles for the hot and cold fluids are compared to theoretical distributions 

presented by Shah
56

, as shown in Figure 5.8. Figure 5.8 illustrates three temperature distributions 

for different relationships between the capacity of the hot and cold fluid streams. In Figure 5.8, 

Ch = ( ̇  )  is the heat capacity rate of the hot fluid, and CC, is the heat capacity rate of the cold 

fluid. The symbol T represents the fluid temperature with the subscripts h and c denoting hot and 

cold fluids, and subscripts i and o denoting the inlet and outlet of the exchanger
56

.  

 

 

Figure 5.8 Temperature distributions in a counterflow heat exchanger of single-phase fluids.
56,  r

 

          

(a) (b) (c) 

Figure 5.9 Counterflow heat exchanger model temperature profiles when: a) heat capacity of hot fluid is 

greater than that of the cold fluid b) the heat capacities of the hot and cold fluids are equal c) heat capacity 

of cold fluid is greater than that of hot fluid. 

                                                 
r
 Figure 5.8 is reprinted with permission from John Wiley and Sons, Inc. 
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 Figure 5.9 shows three temperature distributions for varying inlet conditions of the one-

dimensional, counterflow heat exchanger model developed here. The specific inlet conditions are 

presented in Table 5.10. In each case, water and air enter the heat exchanger at the same inlet 

temperatures but with varying mass flow rates. As a result of varying the mass flow rates, the 

heat capacities of the fluid change and the temperature profiles resemble the theoretical behavior 

of the three cases presented by Shah. Achieving similar temperature profiles as the theoretical 

distributions indicates the model behaves appropriately for a counterflow heat exchanger. 

 

Table 5.10 Inlet conditions for the temperature profiles of the 10 node heat exchanger presented in Figure 

5.9. 

 Units Case (a) Case (b) Case (c ) 

Hot Fluid Type - Water Water Air 

Inlet Temperature of 

the Hot Fluid 
[K] 320 320 320 

Mass flow rate of the 

Hot Fluid 
[kg/s] 5 2.4 10 

Cold Fluid Type - Air Air Water 

Inlet Temperature of 

the Cold Fluid 
[K] 300 300 300 

Mass flow rate of the 

Cold Fluid 
[kg/s] 10 10 5 

5.1.4 Thermal Storage – Phase Change Material (PCM) Model 

The behavior of the phase change model is validated against theoretical and experimental 

data taken from Wierschke
68

. Wierschke constructs a theoretical model from fundamental 

principles to predict the behavior of a TES prototype and compares it with experimental data.  

Similarly, the TES PCM model constructed here and presented in Chapter 3 is formulated using 

fundamental thermodynamic principles. Figure 5.10 and Figure 5.11 are taken from Wierschke. 

Figure 5.10 shows the predicted and actual temperature evolution of several sites inside the PCM 
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as heat is added. Figure 5.11 shows the theoretical and actual transfer of energy into the PCM 

from the heat source. In addition, the author provides an experimental regression of the 

temperature evolution for the data collected from the three PCM sites and heat transfer into the 

PCM.  

 

     

Figure 5.10 Predicted and actual temperature 

profiles for the PCM from Wierschke.
68, s

 

Figure 5.11 Predicted and actual heat absorption 

into the PCM from Wierschke.
68, t

  

       

Figure 5.12 Thesis TES PCM 2D model prediction 

of the temperature profile for PCM.  

Figure 5.13 Thesis TES PCM 2D model prediction 

of heat absorption into the PCM. 

 The theoretical model overpredicts the transfer of energy into the PCM, and consequently 

the temperature response of the PCM. The phase change process begins later and lasts 

approximately 2.5 times as long than predicted. The predicted and actual responses to a heat load 

in Figure 5.10 correspond to the theoretical (predicted) response from the TES PCM model 

developed here and presented in Figure 5.12. In addition, the predicted and actual power storage 

                                                 
s
 Figure 5.12 is taken from material that is declared a work of the U.S. Government and is not subject to copyright 

protection in the United States. 
t
 Figure 5.13 is taken from material that is declared a work of the U.S. Government and is not subject to copyright 

protection in the United States. 
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profile shown in Figure 5.11 agrees with the predicted power storage response of the TES PCM 

model developed here displayed in Figure 5.13. The theoretical and experimental results from 

Wierschke corroborate the TES PCM model formulated in the present thesis work.  

 The effects of discretization on accuracy and simulation time for the 2D versus the quasi-

2D TES PCM models are examined and compared. Results from these models differ 

significantly. Both models are discretized in the axial flow direction, with convective heat 

transfer occurring in the direction perpendicular to the flow path. The 2D model is also 

discretized in the direction perpendicular to the flow path, while the quasi-2D model assumes 

lumped-capacitance. The discretization schemes for the quasi-2D and 2D models are shown in 

Figure 5.14 and Figure 5.15, respectively. 

 

 

Figure 5.14 Example of the discretization scheme for the quasi-2D TES PCM model. 

 

 

Figure 5.15 Example of the discretization scheme for the 2D TES PCM model. 
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Designed for a 10 second lasing of a 100 kW DEWS, the TES cell contains 23.9 kilograms 

of the pentadecane and carbon foam mixture. With a constant inlet temperature of 300 K, water 

flows through the TES PCM cell, which has an initial temperature of 280 K. The time necessary 

for the TES cell to reach a uniform temperature of 300 K is the charge time.  

Table 5.11 shows the impacts of adding a second dimension to the discretization scheme of 

the quasi-2D model in the direction perpendicular to the coolant flow on the charge time of the 

TES cell and simulation time. For this data, each model is discretized into 3 nodes in the flow 

direction. The simulation time is the time required to run the model. Variations of the 2D TES 

PCM model in Table 5.11 include discretization schemes of 2, 5, 10, and 20 nodes in the 

direction of the heat transfer. 

Table 5.11 reveals noteworthy discrepancies between the quasi-2D and 2D PCM models. 

The charge time for the quasi-2D mode PCM is 8 seconds, only a fraction of all of the recorded 

charge times for 2D model. According to the simulation data listed in Table 5.11, the charge time 

for the 2D model is at least 140 seconds. In the quasi-2D model, all TES PCM control volumes 

are in contact with the working fluid, with convection as the primary heat transfer mechanism. In 

the 2-D model, only a fraction of the TES PCM control volumes are in contact with the working 

fluid, with diffusion between nodes as the primary heat transfer mechanism. From this data, one 

can deduce that internal diffusion occurs at a much slower rate than the convective heat transfer 

into the material, resulting in longer charge times for the 2D model. This information affirms the 

importance of discretizing the TES PCM model and the insufficiency of the lumped-capacitance 

assumption.  

Another impact to consider is the increase in simulation time by adding a second 

dimension to the discretization scheme. The additional equations implemented in the 2D TES 

PCM model increase simulation time when compared to the quasi-2D PCM model. The 2 and 5 

node 2D models run 1.17 and 1.34 times slower than the quasi-2D model, respectively, but yield 

significantly better accuracy in regards to charge time. Models using more than 5 nodes yield 

slightly improved accuracy for charge time, but have longer simulation times. For this thesis, the 

optimal 2D discretization scheme for the TES PCM model around 5 nodes in the direction 

perpendicular to the flow. 
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Table 5.11 Results for the 2D and quasi-2D TES PCM models for a simulation time of 200 sec. 

Number of Nodes in the 

Direction Perpendicular to the 

Coolant Flow 

Charge Time Run Time 

- [s] [s] 

1 8 0.59 

2 157 0.69 

5 146 0.79 

10 146 1.37 

20 142 4.65 

 

5.1.5 Microchannel Cooler (MCC) Model  

 A common industrial metric to measure microchannel heat exchanger performance is 

thermal resistance. Thermal resistance characterizes conduction and convection between a hot 

surface and a working fluid. Figure 5.16 presents the thermal resistance as a function of the 

average volumetric flow rate per MCC. Thermal resistance data sets are acquired from Feeler
63

 

and Hirofumi
65

, which describe the performance of MCCs with water as the working fluid at 

inlet temperatures of 10
o
C and 20

o
C, respectively. Detailed in Section 3.3.3 of Chapter 3 Table 

3.46, thermal resistance for the MCC model developed here is defined by the empirical 

correlation taken from Hirofumi_ENREF_63. This correlation estimates thermal resistance using 

material and flow properties, which allows the substitution of alternative working fluids such as 

PAO. With water as the working fluid in the model, average volumetric flow rates vary between 

0.1 and 0.2 gpm per MCC. In this range, the model predicts the thermal resistance of the MCC to 

be approximately an average of that from the two thermal resistance data sets. Data Set #1 from 

Hirofumi is indicative of traditional MCC performance, where Data Set #2 from Feeler is 

representative of a more advanced design. The conclusion from this comparison is that the 

thermal performance of the MCC model falls well within the experimental results published in 

the literature. 
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Figure 5.16 Thermal resistance of a microchannel cooler as a function of volumetric flow rate.  

Table 5.12 Mass flow rate requirements for the PAO coolant to cool the diode arrays at varying inlet 

temperatures. 

PAO Inlet 

Temperature 

Required Mass Flow 

Rate 

PAO Outlet 

Temperature 

Peak Diode Array 

Temperature 

[K] [kg/s] [K] [K] 

283 0.062 288.6 300 

288 0.108 292.6 300 

293 0.507 294.3 300 

  

 Additional simulation data for the MCC cooler is presented in Table 2.1. Table 5.12 

shows mass flow rate requirements to maintain the temperature of six 2.1 kW diode arrays within 

the ±2 K limit of their operating temperature of 298 K when using PAO as coolant. As the 

coolant inlet temperature increases, the MCCs require additional coolant to maintain the 

operating temperature of the diode array within appropriate constraints. Raising the inlet 

temperature to 293 K requires 8.16 times as much mass flow than at the inlet temperature of 283 

K. As the temperature gradient between the surface temperature of the laser diodes and bulk fluid 

temperature decreases, the only way to remove the same amount of heat is to increase the mass 

flow rate of coolant. 
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5.2 DEWS / HPTMS / Aircraft Model Simulation Results 

5.2.1 Mission Profile 

The mission profile detailed in Figure 5.17 and Table 5.13 is taken from data provided by 

the INVENT program. The mission profile combines an altitude schedule and a speed schedule 

which supplies flight information to the propulsion subsystem and avionics to determine thrust, 

drag, and lift.  The mission profile has twelve distinct segments that combine to last 7700 sec and 

include subsonic maneuvers, transonic maneuvers, accelerations, decelerations, climbs, descents 

and cruises.  

 

Figure 5.17 The INVENT tip-to-tail mission profile consists of altitude and speed schedules for 7700 

seconds. 

 Highlighted in Figure 5.17 is the transonic cruise (segment 3) which is one of the most 

advantageous mission segments to fire the SSL DEWS. The transonic cruise segment begins 483 

sec into the mission, lasting for a duration of 517 sec.  At an altitude of 35,000 feet and speed of 

Mach 0.8, greater flow rates of cooler air are taken from the engine fan and compressor. 

Additionally, the transonic cruise is not as thermally demanding as other more rigorous segments 

of the tip-to-tail mission. For each simulation, the aircraft flies the entire mission but only lases 

during the transonic cruise segment. 
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Table 5.13 A segment by segment list of the INVENT tip-to-tail mission profile. 

Mission 

Segment 
Descripton 

Duration 

[s] 

Starting 

Speed 

[Ma] 

Ending 

Speed 

[Ma] 

Starting 

Altitude 

[ft] 

Ending 

Altitude 

[ft] 

1 Subsonic 

Acceleration 

78 0 0.8 1,000 1,000 

2 Transonic 

Climb 

405 0.8 0.8 1,000 35,000 

3 Transonic 

Cruise 

517 0.8 0.8 35,000 35,000 

4 Transonic 

Descent 

500 0.8 0.8 35,000 30,000 

5 Subsonic 

Deceleration/ 

Descent 1 

500 0.8 0.7 30,000 20,333 

6 Subsonic 

Descent 1 

1000 0.7 0.7 20,333 1,000 

7 Subsonic 

Cruise 1 

250 0.7 0.7 1,000 1,000 

8 Subsonic 

Climb 

454 0.7 0.7 1,000 20,000 

9 Subsonic 

Deceleration 

296 0.7 0.5 20,000 20,000 

10 Subsonic 

Deceleration / 

Descent 2 

1500 0.5 0.45 20,000 11,000 

11 Subsonic 

Descent 2 

1200 0.45 0.45 11,000 2,000 

12 Subsonic 

Cruise 2 

1000 0.45 0.45 2,000 2,000 
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5.2.2 Duty Cycle 

The duty cycle is one 10 sec pulse of 100 kW of power. The ten second pulse (or step 

function) is employed to check the basic system response when firing the directed energy 

weapon. 

 

Figure 5.18 A DEWS lasing of 10 seconds. 

5.2.3 Results 

Results from two simulations are presented in this section. Each case examines the 

performance of the HPTMS and the response of the aircraft when exposed to thermal loads 

generated by a 100 kW SSL DEWS. The response of the aircraft is quantified by monitoring the 

temperature deviation of the fuel tank, avionics, and cockpit from baseline temperatures of a 

similar aircraft flying the same mission but with no DEWS. One of the two cases implements 

TES using PCM in the HPTMS configuration. 

Each case has similar operation. At 900 seconds into the mission, the SSL DEWS begins 

to lase while in the transonic cruise segment.  Prior to lasing, the PAO storage tank is cooled 

down to ~288 K by circulating PAO from the tank directly through the heat exchanger connected 

to the APTMS. The coolant tank mass is standardized across each case at 200 kg. Fan air flow 

through the APTMS reaches flow rates of 1.98 kg/s at a temperature of 285 K. Cooling the PAO 

storage tank gains an additional 7.44 K of sensible heat energy storage in the fluid. During 

lasing, PID controllers govern mass flow out of the storage tank according to the set points for 

operating the laser diodes and gain media.  After lasing, the same controllers reject heat from the 

HPTMS into the APTMS and FTMS, attempting to restore initial conditions. 
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5.2.3.1 100 kW Solid-State Laser with One 10 sec Lase 

Two cases are investigated for two aircraft models with each system having a 100 kW SSL 

DEWS, but only one system employs TES with PCM. In ten seconds of lasing, 3.1 MJ of heat is 

generated by the DEWS. In both cases, the SSL (laser diodes and gain media) are adequately 

cooled by the HPTMS. Illustrated in Figure 5.19 and Figure 5.20, the gain media and laser 

diodes remain at operating temperatures of 315 K and 300 K during lasing, respectively. 

Comparing Figure 5.21 with Figure 5.22, the HPTMS configuration with TES needs 43.4 % of 

the coolant of the HPTMS without TES. With TES-PCM, the coolant tank is able to remain at 

lower temperatures during lasing.  

 

       

Figure 5.19 Temperature response of the laser 

diodes. 

Figure 5.20 Temperature response of the gain 

media  

          

Figure 5.21 Flow rate requirements for cooling the 

laser diodes. 

Figure 5.22 Flow rate requirements for cooling the 

gain media. 

Figure 5.23, Figure 5.24, Figure 5.25, and Figure 5.26 show temperature profiles for 

components downstream of the SSL DEWS for the first 1500 seconds of the mission profile, 

which include the fuel tank, cockpit, air-cooled avionics, and liquid-cooled avionics. The fuel 
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tanks experience negligible temperature change for both cases as illustrated in Figure 5.23. Since 

the DEWS lases in an earlier segment of the mission profile, the mass of the fuel in the tanks 

reduces the impact of the heat loads on the tank temperature. Between 400 and 500 sec into the 

mission, an unknown phenomena within the INVENT tip-to-tail aircraft model causes a 

noticeable temperature spike within the avionics and cockpit.  

 

 

Figure 5.23 Fuel tank temperature response to a 10 sec lase by the SSL DEWS. 

 The cockpit also experiences negligible temperature changes for both cases as shown in 

Figure 5.24. In both instances, a controller redirects hot air away from the cockpit to the air-

cooled avionics. The most noticeable discrepancies between the system with and without TES-

PCM exist in the air- and liquid-cooled avionics. Without the TES, the air-cooled avionics 

temperature spikes above operating conditions during lasing, shown in Figure 5.25. With the 

TES, the temperature response of the air- and liquid-cooled avionics to the heat loads remains 

within acceptable operating conditions. 
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Figure 5.24 Cockpit temperature response to a 10 sec lase by the SSL DEWS. 

 

 

 

Figure 5.25 Air-cooled avionics temperature response to a 10 sec lase by the SSL DEWS. 
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 Figure 5.26 Liquid-cooled avionics temperature response to a 10 sec lase by the SSL DEWS. 

Both HPTMSs were able to cool the SSL DEWS, although with varying success. The 

aircraft model without the TES-PCM required a flow rate of 35.2 kg/s of coolant (laser diodes + 

gain media), whereas the aircraft model with thermal storage only required 15.3 kg/s. Both 

HPTMSs are similarly sized with a difference of 24.0 kg, which is the PCM. The aircraft model 

with the PCM is able to sufficiently cool the SSL DEWS using more realistic flow rates. In 

addition, the TES-PCM lessened the heat loads rejected from the HPTMS to the APTMS and 

FTMS and reduced the thermal impact on other components (liquid-cooled avionics, air-cooled 

avionics, fuel tank, and the cockpit).  

The exergy destruction for the DEWS and HPTMS and their components is displayed in 

Figure 5.27 for the 10 sec of operation at 900 sec into the mission. Although the DEWS and 

HPTMS for each case are similarly constructed and operated, noticeable differences are evident. 

When using TES, more exergy destruction occurs within the DEWS and HPTMS than without 

TES. TES maintains the coolant at lower temperatures, causing larger temperature gradients to 

occur between the components and bulk flow temperature of the coolant. Even though the total 

entropy generation is a function of the temperature and mass flow rate, in this instance, the 

temperature gradient contributes more to entropy generation than the mass flow rate. This is 

supported by the data presented in Figure 5.27. The case with TES uses less coolant, but the 

DEWS generates more entropy, resulting in greater exergy destruction. TES also contributes to 
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the exergy destruction of the TMS, but adds critical thermal capacity that allows the TMS to use 

less coolant. In each case, considering all components, the heat exchanger has the most exergy 

destruction attributed to its performance. Considering exergy destruction as a metric for 

component design, the power storage, diode arrays, and gain media represent the largest area for 

improvement in the DEWS, whereas the heat exchanger has the greatest potential to improve 

TMS system performance. 

 

 

Figure 5.27 The exergy destruction is calculated for each component and subsystem in the DEWS and 

HPTMS.   
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Chapter 6 Conclusions and Recommendations 

Several conclusions and recommendations are presented in this chapter. The conclusions as 

follows: 

1.) Since the DEWS is cooled in a closed-loop TMS, heat transfer to other onboard TMSs 

(i.e., the APTMS and FTMS) is limited by the efficacy of the heat exchangers. Peak loads 

through these heat exchangers, even without thermal storage, do not approach the real-

time loads generated by the directed energy devices. This results in energy storage in the 

working fluid and coolant (i.e., PAO) tank through sensible heating.  

2.) Due to limited heat transfer through the heat exchangers in the TMS, a closed-loop TMS 

for directed energy applications isolates thermal loads from the rest of the aircraft. In 

addition to the TES, the coolant tank can be also be used as thermal storage.   

3.) Sharp transients occur downstream in components (i.e., the air- and liquid-cooled 

avionics) of the APTMS and FTMS. In order to satisfy the operating constraints of other 

onboard systems (i.e. cockpit and fuel tank), the APTMS and FTMS flow rate controllers 

redirect the working fluids to the air- and liquid-cooled avionics during the lasing, 

resulting in sharp transients in these components. Although these transients do not 

necessarily lead to failure, their behavior is worth noting for further investigations.  

4.) Cooling the coolant (i.e., PAO) storage tank in the HPTMS prior to operation adds 

critical thermal capacity to the system. Lowering the temperature of the working fluid in 

the coolant tank increases the potential of the coolant tank to become a useful heat sink in 

the HPTMS.  

5.) The benefit of thermal storage to a TMS relies on the heat transfer rates into, within, and 

out of the TES. The ability to effectively add and remove energy to and from the PCM in 

real-time demands greater convective and diffusive heat transfer rates. The lumped-

capacitance assumption for TES is inappropriate for modeling, resulting in unrealistic 

diffusion rates within the PCM. At the very least, the TES should be discretized in the 

direction of heat transfer.  

6.) Although this research presents some examples of thermal closure for directed energy 

applications, the results yield solutions with unrealistic flow rates for the HPTMS of 15.6 

kg/s and 36.4 kg/s. The largest flow rates on the INVENT aircraft peak around 2 kg/s for 
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fuel or air. With estimated coolant rates of 15.6 kg/s and greater, alternative fluids with a 

better set of physical and thermal properties should be investigated. 

7.) For the case considered here, thermal closure is not sufficient enough to recommend the 

DEWS as a viable option for integration into an aircraft. Only considering the thermal 

management of the DEWS, the size requirements of the thermal management subsystem 

to cool the DEWS are still too large. Although thermal storage offers a compact and 

lightweight option, additional steps need to be taken to reduce flow rate requirements. 

Possible paths forward to reduce these flow rates are to improve component efficiencies 

for the DEWS, increase the operating temperature of the SSL, and reduce the temperature 

constraints of the SSL.  

As to recommendations, they are as follows, 

1. The INVENT tip-to-tail model needs to continue improving, specifically in terms of 

execution time, consistency, and uniformity. As is, the current tip-to-tail takes about two 

hours to run a 7700 s mission. Long operating times hinder the ability to perform 

comprehensive parametric studies in a short period of time and make large-scale 

optimization impossible. Furthermore, the model does not always compile from machine 

to machine, sometimes requiring additional software (i.e., Simulink
TM

 toolboxes and 

toolsets).  Also, with contributions from government, industry, and academia, the tip-to-

tail model lacks uniformity in programming style. 

2. Improvements can be made to the development and validation of the models presented 

here. Specifically, the heat transfer models need to be improved for the thermal storage 

and high heat-flux cooling devices. Because the characterization of conductive and 

convective heat transfer for these devices is different for each application, device, and 

size as well as difficult to obtain through purely analytical methods, empirical data should 

be used for each case.  

3. While this research focuses on the thermal management of high-energy weapon 

subsystems on high-performance aircraft, other areas preventing the implementation of 

this technology into aerospace systems still persist, such as power generation, power 

distribution, and system integration. The highly coupled nature of these issues 

necessitates a comprehensive analysis that investigates these issues simultaneously.  
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