
Aircraft photovoltaic power-generating system.

Item Type text; Dissertation-Reproduction (electronic)

Authors Doellner, Oscar Leonard.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:05:14

Link to Item http://hdl.handle.net/10150/185683

http://hdl.handle.net/10150/185683


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrougb, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 

to order. 

U·M·I 
University Microfilms International 

A Beli & Howelilnformatlon Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

3131761-4700 800:521-0600 





Order Number 9210289 

Aircraft photovoltaic power-generating system 

Doellner, Oscar Leonard, Ph.D. 

The University of Arizona, 1991 

Copyright ©1991 by Doellner, Oscar Leonard. All rights reserved. 

U·M·I 
300 N. Zccb Rd. 
Ann Arbor, MI48106 





AIRCRAFf PHOTOVOL TAlC POWER-GENERATING SYSTEM 

by 

Oscar Leonard Doellner 

Copyright C Oscar Leonard Doellner 1991 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1991 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Oscar Leonard Doellner 

2 

entitled AIRCRAFT PHOTOVOLTAIC pmoJER-GENERATING SYSTEM 
--------------~--------------------------------------------

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of __ D_o __ c_t_o_r __ o_f ___ P_h_i_l_o __ s_o~p_h~y ______________ __ 

Gaskill 

t1Q/V1ACLt,{!_'LA-~ , 

H. Angus Macleod 

o~ If. l'19f 
Date ( 

Dat~O /11 t 11 

Ot/!- II 
Date 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

~!~:~~!~:n:~d rccommcndf)ij;;tCd as fUlfi11~; :1;,5c(r;; 
Dissertation Director Philip N. Slater Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library to 
be made available to borrowers under the rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 



4 

ACKNOWLEDGMENTS 

The author would like to thank Dr. Philip N. Slater, who not only provided guidance 
throughout the pieparation of this dissertation, but who has been my advisor and friend 
throughout my stay at the University of Arizona. I should also like to acknowledge 
Dr. Jack D. Gaskill of the University of Arizona for his constant interest and encouragement 
of this project. 

The author would like to thank Dr. Harland L. Burge of Garden Grove, California, 
for his favorable evaluation and analysis (NBS, 1981) of this project. The author is greatly 
indebted for this positive evaluation. 

The author would like to acknowledge the NBS/DOE Office of Energy Related 
Inventions who funded various aspects of this overall project. In conjunction with this 
funding the author would like to acknowledge Williams Air Force Base in Chandler, Arizona, 
for the use of their facilities. Their help and support is truly appreciated. 

The author would like to thank Mr. Charles G. MacKay of Scottsdale, Arizona, 
who has always been very helpful providing answers to my many esoteric questions on 
gas-turbine operation, questions that may have seemed trivial-but nevertheless were most 
important to this work. 

Finally, I would like to thank my wife for tolerating me during this arduous task and 
for believing in this project as much as I do. 

This project has demonstrated and proven over time to have been of the highest level 
of non-obviousness. The above individuals/affiliations supported this project at a time when 
the world was almost totally disbelieving. Their support and help is immensely appreciated. 



5 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

LIST OF TABLES ............................................ 9 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 

1. INTRODUCTION............................................ 12 

General Engine Modifications ................................ 13 
History of Prior Art: Why a New Electrical-Power-Generating System? . 15 
Weight Considerations ...................................... 18 
Scope of this Dissertation .................................... 21 

2. PHOTOVOLTAIC CELLS: THEORY AND APPLICATION ............ 22 

P-N Junctions ............................................ 23 
Indirect and Direct Bandgaps ................................. 2S 
Currently Available Photovoltaic Cells .......................... 27 
Standardization Programs .................................... 29 
Evaluating Photo voltaic Cell Performance: I-V Curves. . . . . . . . . . . . . . 29 
Multijunction Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
Temperature Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 
Ohmic Contacts and Cell Surface Effects ........................ 35 
Thermal Connection to Structure (Cell Substrate) .................. 37 

3. THE PHOTOVOL TAlC POWER-GENERATING STRUCTURE 
CONSTRUCTION, STRUCTURAL ASPECTS, AND OPERATION. . . . 39 

Photo voltaic Power Generator (PPG) Description .................. 41 
PPG Construction/Structural Aspects ........................... 43 
Air-Pressure Equalization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
PPG Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 
Design Objective .......................................... 55 
Centerframe Material Considerations ........................... 56 
Ccnterframe Construction/Structural Considerations . . . . . . . . . . . . . . . . 58 
Fuel- and Weight-Savings Advantages .......................... 61 
Evaluation of Fuel-Savings Potential ........................... 61 
Low Combustor Reference Velocities ..... . . . . . . . . . . . . . . . . . . . . . . 69 
Attachment of PPG ........................................ 74 
Closing Note ............................................. 76 



6 

TABLE OF CONTENTS-Continued 

Page 

4. THERMAL ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

Parameters Used in the Thermal Analysis ... . . . . . . . . . . . . . . . . . . . . . 77 
Calculation of Typical Convective Heat-Transfer Coefficients ........ 80 
Fundamental Convective Thermal Analysis: Limit-Case Analysis . . . . . . 86 
Limit No.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 
Limit No.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 
Summary of Limit-Case Analysis .............................. 91 
Possibility of Natural Convective Effects in Airgap ................ 92 
Fundamental Calculations: Radiant-Energy Heat Transfer .......... 97 
Summary of Radiant-Energy Heat Loads ........................ lOS 
Detailed Calculations: Convective Heat Transfer .................. 106 
Detailed Calculations: Convective and Radiant-Energy Loading ...... 117 
Important Other Considerations ............................... 124 
Comparison to Analyses Summing Heat Flows .................... 129 
Special Unusual Operating Conditions .......................... 132 

5. THIN-FILM THEORY AND APPLICATION....................... 135 

General ................................................. 135 
Single-Layer Coating on Sapphire ............................. 136 
Single-Layer Coating on Photo voltaic Cells ...................... 142 
Multilayer Coatings ........................................ 143 
Special Case: Sapphire Surface Adjacent Internal Air Stream ......... 147 

6. SUMMARY AND CONCLUSION 

APPENDIX A 
CALCULATION OF PHOTOVOL TAlC-CELL POWER OUTPUTS, 

CONVERSION EFFICIENCIES, AND 

149 

AMPERES/CM2 (FOR VARIOUS BANDGAPS AND SOURCES) 154 

General ................................................. 154 
Photovoltaic Cells With Bandgap ~ 1.45 e.V. ..................... 161 
Photovoltaic Cells With Bandgap ~ 1.1 e.V. . . . . . . . . . . . . . . . . . . . . . . . 162 
Photovoltaic Cells With Bandgap ~ 0.7 e.V. . . . . . . . . . . . . . . . . . . . . . . . 163 
Photovoltaic Cells With Bandgap ~ 0.4 e.V. . . . . . . . . . . . . . . . . . . . . . . . 163 
Discussion ............................................... 165 

APPENDIX B 

Program 1 
Program 2 

183 
184 

LIST OF REFERENCES ....................................... 187 



Figure 

2.1(a). 

2.1(b). 

2.2. 

2.3. 

2.4. 

2.5. 

2.6. 

3.1. 

3.2. 

3.3. 

3.4. 

3.5. 

4.1. 

4.2. 

4.3. 

4.4. 

4.5(a). 

4.5(b). 

LIST OF ILLUSTRATIONS 

Energy Bands at Equilibrium ............................. . 

Energy Bands with Incident Light .......................... . 

Direct and Indirect Bandgap Transitions ...................... . 

1-V Curve: Photovoltaic Mode ............................. . 

1-V Curves: Low Series-Resistance Cell ...................... . 

1-V Curves: High Series-Resistance Cell ..................... . 

1-V Relationships With Temperature ........................ . 

Centerframe Section of Typical Jet Engine .................... . 

Conceptual Construction of PPG Structure .................... . 

Partially-Assembled Inside (Rear) View of PPG ................ . 

Closeup Cutaway Inside (Front) View of PPG ................. . 

Simplified View Showing Double-Walled Plenum ............... . 

Convective Thermal/Electrical Circuit ....................... . 

Simplified Convective Thermal/Electrical Circuit ............... . 

General Thermal Model .................................. . 

PPG Equivalent Circuit .................................. . 

Heat-Flow Paths: PPG Structure ........................... . 

Heat-Flow Paths: Ideal Theoretical Thermal Schematic .......... . 

7 

Page 

23 

24 

26 

30 

31 

31 

34 

40 

41 

44 

46 

58 

86 

87 

107 

117 

125 

127 



Figure 

5.1. 

5.2. 

5.3. 

5.4. 

5.5. 

5.6. 

5.7. 

5.8. 

5.9. 

LIST OF ILLUSTRATIONs-continued 

Admittance Diagram for Sapphire Window: g = 1 

Admittance Diagram for Sapphire Window: g < 1 

Admittance Diagram for Sapphire Window: g > 1 .............. . 

Admittance Diagram (Sapphire) With Isoreflection Curves ........ . 

Reflectance Characteristic Curve For Sapphire ................. . 

Photovoltaic-Cell Admittance Diagram ....................... . 

Admittance Diagram (Sapphire) With Broadening Halfwave ....... . 

Characteristic Curve (For Figure 5.7) ........................ . 

Admittance Diagram (Sapphire) With Narrowing Half Wave ....... . 

8 

Page 

138 

139 

139 

140 

141 

143 

144 

144 

147 



9 

LIST OF TABLES 

Table Page 

1. Photovoltaic Cells With Bandgap ~ 1.45 e.V. 
(Various Source Temperatures) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 

2. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
1,700 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 

3. Photo voltaic Cells With Bandgap ~ 1.1 e.V. 
1,800 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 

4. Photo voltaic Cells With Bandgap ~ 1.1 e.V. 
1,900 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 

5. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
2,000 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 

6. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
2,100 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 

7. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
2,200 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 

8. Photo voltaic Cells With Bandgap ~ 1.1 e.V. 
2,300 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 

9. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
2,400 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 

10. Photovoltaic Cells With Bandgap ~ 1.1 e.V. 
2,500 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 

11. Photo voltaic Cells With Bandgap ~ 1.1 e.V. 
6,000 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 

12. Photo voltaic Cells With Bandgap ~ 0.7 e.V. 
1,700 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 

13. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
1,800 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 



10 

LIST OF T ABLEs-continued 

Table Page 

14. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
1,900 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 

15. Photovoltaic Cells With Bandgap ~ 0.7 e. V. 
2,000 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 

16. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
2,100 K Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 

17. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
2,200 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 

18. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
2,300 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 

19. Photo voltaic Cells With Bandgap ~ 0.7 e.V. 
2,400 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 

20. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
2,500 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 

21. Photovoltaic Cells With Bandgap ~ 0.7 e.V. 
6,000 K Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 

22. Photovoltaic Cells With Bandgap I:;s 0.4 e.V. 
(Various Source Temperatures) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 



11 

ABSTRACT 

Photovolta~c cells, appropriately cooled and operating in the combustion-created high 

radiant-intensity environment of gas-turbine and jet engines, may replace the conventional 

(gearbox-driven) electrical power generators aboard jet aircraft. This study projects 

significant improvements not only in aircraft electrical power-generating-system 

performance, but also in overall aircraft performance. Jet-engine design modifications 

incorporating this concept not only save weight (and thus fuel), but are-in 

themselves-favorable to jet-engine performance. The dissertation concentrates on 

operational, constructional, structural, thermal, optical, radiometrical, thin-film, and 

solid-state theoretical aspects of the overall project. 

This new electrical power-generating system offers solid-state reliability with 

electrical power-output capability comparable to that of existing aircraft electromechanical 

power-generating systems (alternators and generators). In addition to improvements in 

aircraft performance, significant aircraft fuel- and weight-saving advantages are projected. 
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CHAPTER 1 

INTRODUCTION 

This dissertation relates to the application of photovoltaic cells--surrounding the 

combustion chamber of an aircraft's jet engine(s)-to generate the full electrical power 

demands of the aircraft. The photovoltaic cells are carefully thermally insulated from the 

engine's main structure and internal air streams. The combustion flame in the jet engine 

radiates its energy to the photovoltaic cells through a cool (relative to the combustion flame) 

air stream internal to the engine. Conceptually this project depends on radiant- not 

thermal-energy transfer (radiant energy transfer does not necessarily involve the production 

of heat). Since it is the direct combustion flame that provides the radiant-energy source, 

many tens of kilowatts of electrical power can be generated. The main advantages of this 

system over conventional electro-mechanical methods of electrical power generation on 

aircraft are its ultra-light weight (photovoltaic cells have negligible weight and futuristically 

will be microns in thickness) and freedom from moving parts-the subtle beauty of a truly 

solid-state aircraft electrical power-generating system. The reduction of 

weight-particularly on the engine(s) where weight is most critical-projects to a significant 

savings in fuel consumption. The project is applicable to all jet aircraft, as for example, from 

small business planes to large commercial jets. 

Depending on configuration, payload improvements are estimated at from 9 to 37 

percent and fuel savings are estimated at 6 to 8 percent (National Bureau of Standards, 1981). 

Calculations provided in this dissertation indicate the possibility of greater fuel savings for 

certain configurations of operational aircraft. In addition to this direct fuel savings, other 
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advantages include a related significant increase in aircraft performance, substantially 

increased reliability of the aircraft's electrical-power generating system, and related 

substantially decreased maintenance. 

This project opens up a new field and area of development in aviation. Design and 

development based on this concept have continued since 1976 and early work was summarized 

in a thesis (Doe liner , 1979). Jet-engine combustor spectral radiation measurements were made 

at Air Force facilities on December IS, 1983, and May 20. 1985 (Doellner. 1986). The first 

major public announcement of this project was made on February 11-12. 1984. at the 

National Inventors Expo'84 at the U.S. Patent and Trademark Office in Arlington, Virginia. 

General Engine Modifications 

For existing jet engines, modification to the engine to incorporate this concept 

involves modifying the combustion liner to incorporate a somewhat larger open-hole area 

facing the photo voltaic cells, and modification of the centerframe structure (the photovoltaic 

power-generating structure) to include the photovoltaic cells-with provisions for either air 

or (direct or indirect) fuel cooling. 

If a brand new jet engine were to be built incorporating this concept and extremely 

large electrical-power outputs were desired. it is probable that the engine would be built with 

a somewhat lower combustor reference velocity and a single-sided entry combustor. This 

would provide the large open-hole areas facing the photovoltaic cells (Doellner, 1983) 

necessary for corresponding extremely large electrical-power outputs. 
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The disadvantage of low combustor reference velocities, i.e., increased engine weight 

(normally a serious disadvantage only in aircraft, as opposed to other gas-turbine vehicles), 

is more than compensated for by the reduced weight made possible by the photovoltaic-cell 

power-generating concept. In general, the advantages of low combustor reference velocities 

include a low combustor pressure loss resulting in improved specific fuel consumption and 

improved specific power output. Other advantages of low combustor reference velocities 

include improved combustion efficiency, improved combustion stability limits, improved 

ignition limits, and improved temperature transverse quality (Cohen, Rogers, and 

Saravanamuttoo, 1972; Doellner, 1983; Harman, 1981). 

In general, the entire theme of Doellner (1983) suggests that what is needed in this 

project is a combustor much like that presently existing in the combustion chamber of the 

General Electric J-85 engine-a structure that is reasonably open to the view of the 

photovoltaic cells. There is no theoretical or other reason such combustors could not be made 

and used. Additionally, single-sided-entry combustors may be used to increase the open-hole 

area (facing outward toward the photovoltaic cells) to allow corresponding larger electrical 

power outputs. Development of ceramic transparent liners may provide virtually unrestricted 

view of the combustion flame by the photovoltaic cells. 

With the development of improved photo voltaic cells, such extremely-large open-hole 

areas are not necessary. However, as this project continues to gain acceptance, engine 

manufacturers may choose to build their engines with lower combustor reference velocities 

and single-sided-entry combustors. The resulting increased open-hole areas (facing the 

photovoltaic cells) allow increased electrical power outputs, even when using less expensive 

photovoltaic cells. 
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One of the main uses of this project will be in jet aircraft (airplanes and helicopters). 

The use of this photovoltaic-cell power-generating system favors high energy-density 

applications. As an example, jet airplanes typically fly over 500 mph and carryover two 

hundred people. These engines consume many grams (liters under some circumstances) of 

fuel per second. Conversely, on a motor vehicle or some applicance using a gas-turbine 

engine the fuel consumption may be on the order of grams per minute. Such lower-energy 

density applications (while certainly under study) may not be quite as favorable to the 

application of the photovoltaic-cell power-generating concept simply because the radiation 

may be smaller relative to the electrical power demands. The availability and use of 

low-bandgap photovoltaic cells will certainly improve on this situation. Additionally, in 

aircraft engines, weight is a paramount consideration and thus this project becomes an 

increasingly attractive means of reducing engine weight. Weight is usually not so critical in 

ground-based vehicular applications. 

History of Prior Art: Why a New Electrical-Power-Generating System? 

It is not the purpose of this dissertation to discuss the relative advantages and 

disadvantages of alternating current (A.C.) versus direct current (D.C.) aircraft 

electrical-power-generating systems. Rather, it will be shown that the proposed power system 

can be used to advantage as either an A.C. (in conjunction with an inverter) or D.C. system. 

While presently large commercial aircraft employ A.C. electrical systems, there is no reason 

that D.C. systems could not be used. McMurray, 1979, states "Foreseeable developments that 

may have a considerable impact on future aircraft power systems and converter equipment 

include-a possible change from 400 Hz A.C. to D.C. systems at relatively high voltages, such 

as 270 volts." In a later paragraph he states: "In view of the relative simplicity of A.C./D.C. 



16 

converters (rectifiers) over frequency changers, a D.C. power supply could be made much 

smaller, more efficient and more reliable, using either a field-controlled or PM (permanent 

magnet) generator operated over its optimum speed range, not restricted by the converter. 

This means, of course, that the aircraft system loads would have to be adapted to operate from 

D.C. and proposals for such systems merit serious consideration." While McMurray is 

speaking of electromechanical power conversion, the application of his statements to this 

project is obvious. Claims that A.C. systems are safer than D.C. systems have never been 

substantiated, and in fact have been strongly refuted. The altering of D.C. voltage levels, 

once a very difficult task and one of the main early objections to D.C. systems in large 

aircraft, has been greatly simplified by recent technological improvements involving 

solid-state diodes. These developments and certain advantages of D.C. transmission (including 

the elimination of complications associated with reactive power losses in A.C. systems) have 

led to a renewed interest in D.C. aircraft electrical-power systems. 

Previously, the majority of A.C. electrical systems on large aircraft employed the use 

of a constant speed drive (CSD). The CSD is a hydromechanical method of changing the 

varying speed of the jet engine's accessory drive section to the constant speed required by the 

generator if it is to maintain a constant frequency output. In multi-engine aircraft the CSDs 

are used to synchronize the generators and permit them to operate in parallel. A typical CSD 

unit and system includes a governor, hydraulic pumps, hydraulic motors, a differential 

transmission, an oil supply, and associated control circuitry (Bent and McKinley, 1978, 

p.211). 

The CSD operates in overdrive when it must increase the rpm of the generator, 

straight through when the engine drive speed is equal to the required generator speed, and in 

underdrive when the engine drive speed is greater than that required by the generator. The 

governor continually senses the generator speed and signals the CSD unit to make appropriate 
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corrections. The generator speed must be such that its output frequency is 400 Hz (Ben: and 

McKinley, 1978, p. 211). This type of eiectrical-power-generating system is frequently called 

an integrated-drive generator (100). 

With improvements in semiconductor technology in the 1960's, much research has been 

performed in an attempt to replace the hydromechanical system just described with a 

mechanical/electronic system. This type of system is called variable speed constant frequency 

(VSCF). This system electronically changes the variable output frequency of a variable-speed 

generator to constant 400 Hz. The main advantages claimed for VSCF is that it produces a 

better quality A.C. (more precise frequency, greater stability following electrical load changes, 

etc.) and it is believed that by reduction of moving parts the reliability of the electrical 

power-generating system will be improved and maintenance reduced. The reliability goal 

being strived for is 2,000 hours MTBF (mean time between failure) which gives one a feel for 

the reliability of CSD systems. 

There are two types of VSCF systems: 

D.C. Link 

Cyclo-Converter 

In the D.C. link system, the variable-frequency engine-driven (via accessory gear box) 

generator output is rectified to direct current and then converted to 400 Hz A.C. power by 

means of an inverter. In the cyclo-converter system, the variable-frequency generator output 

of typically 1,200 to 2,000 Hz is downconverted directly to 400 Hz without being converted 

to direct current. 

The cyclo-converter system is claimed to be slightly more efficient than the D.C. link 

because the intermediate D.C. rectification is not needed (Klass, 1981). However the 

cycloconverter requires a more complex generator design and must operate at higher speeds. 

This poses challenging mechanical reliability problems. 
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The photovoltaic electrical-power-generating system could be used in two different 

configurations: 

1) In conjunction with a D.C. to A.C. inverter, which would be effective as 

the front end of a D.C. link system. Since photo voltaic cells generate D.C. directly, no 

electrical rectification or filtering is required. (In general, diodes, capacitors, and inductors 

required to handle large electrica110ads are heavy and bulky.) Obviously, all the mechanical 

components of the D.C. link system are eliminated. As in the D.C. link system, the 

photovoltaic electrical-power-generating system uses an inverter to convert the D.C. to A.C.; 

modern solid-state inverters are lightweight, efficient (e.g., 95%), and reliable. 

2) As a D.C. system with relatively high output voltage, e.g., 270 volts, which 

would suffer no reactive losses associated with A.C. systems. If some of the aircraft electrical 

systems required A.C., then inverters could be used directly in front of such systems, in much 

the same way as is done in many present-day business jets. 

Weight Considerations 

It is important to look not only at the weight of a particular lOG or VSCF unit, for 

example, but to look at the overall weight of the associated electrical-power-generating 

system. To understand the significance of this statement, one must appreciate the fact that 

a 60 kilovolt-ampere (KVA) generator with overload protection puts a mechanical demand 

on a jet engine equivalent to approximately 240 horsepower; see McKinley and Bent, 1971, 

p. 200. This can be roughly compared to the mechanical load on the driveshaft of a large 

240 horsepower automobile. 

On commercial jets the remaining accessories, i.e., the fuel pump, oil pump, hydraulic 

pumps, etc., associated with the accessory-drive section generally impose much smaller loads 

than do the electrical components. It is thus apparent that the accessory-drive section must 
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be reinforced and built to withstand, to a large degree, the relatively large weight and 

mechanical demand of the generator assembly. Even the structure holding the generator unit 

must be suitably reinforced to withstand the torques and weight (e.g., overhung moment) 

imposed on the mounting plate structure on which the generator is attached. 

As an example, many modern jet engines locate the accessory-drive section on the fan 

frame (case) of the engine for improved maintenance and a cooler environment. For such 

engines one must consider the asymmetrical structural loading on the fan frame itself due to 

both the weight and loading by the accessory-drive section-a large proportion of which is 

caused by the weight and mechanical demand of the generator. This can be very significant, 

because otherwise the loading on the fan frame is relatively even and symmetrical. Such 

mechanical demands result in an easy-to-overlook weight penalty which must be considered 

in overall weight considerations of such systems. 

Another easy-to-overlook weight factor that must be considered is the weight 

associated with the cooling/heat rejection of the electrical-power-generating system. The 

heat rejection required of existing units can be quite significant; typically, 1,400 Btu/min 

(84,000 Btu/hr) for a 60 KVA system. For comparison purposes, the heat produced by a 

fairly large natural-gas home furnace runs about 1,400 Btu/min. 

Aircraft alternators and generators typically use the engine oil for cooling purposes. 

This engine oil, in turn, is usually cooled by a fuel/oil heat exchanger. When looking at 

weight considerations it is important to look not only at the weight associated with the oil 

cooling the aircraft alternator/generator, but also the oil cooling and lubricating the 

accessory-drive gears/bearings associated with the extra mechanical loading (e.g., the 

240 horsepower mentioned above) imposed on the accessory drive by the alternator/generator. 

An additional fuel-oil heat exchanger (v.'ith separate oil supply) typically cools the oil used 

for the constant speed drive, if the aircraft is so equipped. 
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Many other weight factors must also be considered in addition to the 

mechanical/structural and cooling aspects discussed in the preceding. These include items 

such as generator control units and their related circuitry, the elaborate instrumentation 

associated with the complex nature of existing electromechanical power-generating systems, 

relatively complex voltage-regulation systems, as well as the electrical rectifying/filtering 

systems discussed above. 

To give the reader some understanding and insight into the significance of engine 

weight, Harman, 1981, p. 19 states: "Given the required thrust of an efficient engine 

configuration, the next most important criterion for a heavier-than-air machine is its weight. 

A heavier engine requires a heavier supporting structure, and more fuel to carry it throughout 

the aircraft's life. The extra fuel needs a bigger, heavier tank which, in turn, needs more fuel 

and a more powerful engine to lift it. This design spiral is so significant that, in 1962 for 

example, the economic rule-of-thumb was that an airline would pay an extra £150 to save a 

pound of engine weight." 
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Scope of this Dissertation 

A summary of the content of this dissertation follows. Specific details are provided 

in the introduction to each chapter. Chapter 2 discusses photovoltaic-cell theory and 

application to the concepts of this project. Chapter 3 provides a discussion of the 

construction, structural aspects, and operation of the photovoltaic power-generating structure. 

Chapter 4 presents a thermal analysis of this PPG structure. Chapter 5 describes thin-film 

theory necessary for the design of the optical coatings needed for this application. Chapter 6 

provides an overall summary of the design study. Appendix A obtains power outputs, 

conversion efficiencies, and amperes/cm2 of representative photovoltaic cells for various 

source temperatures. Appendix B lists the calculator programs that were used in Chapter 4 

(Thermal Analysis). 
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CHAPTER 2 

PHOTOVOLTAIC CELLS: THEORY AND APPLICATION 

Before discussing photovoltaic cells and p-n junctions, it is appropriate to introduce 

some of the terms that will be used in this connection. 

Basically, the Fermi level of a solid is the energy level below which all electron states 

are full of electrons. In n-type material, to which electron-donating impurities such as 

antimony, arsenic, or phosphorus (for silicon) are added in controlled quantities, the Fermi 

level is close to or within the conduction band. In the conduction band, electrons are free to 

move, but in the valence band they are bound together with the atoms of the material and 

only the holes can move. Holes may be thought of as positive charges which occur where 

electrons are missing. They are produced when impurities that deplete the valence band of 

electrons, such as aluminum, boron, gallium, or indium (for silicon) are added to the 

semiconductor material. Ey is the energy at the top of the valence band and Ec is the energy 

at the bottom of the conduction band. 

The energy bandgap Eg of a semiconductor is the energy difference between Ey and 

Ec. The value of Eg determines to a large extent the properties of the semiconductor. Photons 

with energy less than Eg will not remove electrons from the valence band at all. Photons with 

energy greater than Eg move electrons from the top of the valence band Ey, or place them 

higher up in the conduction band than its bottom, Ec' or both. Raising the energy of an 

electron this way leaves both the valence and conduction bands partly filled. Therefore, 

electrons can carry current in both bands-those in the conduction band behaving like free 

electrons, and those in the valence band behaving in a manner best described by the 

conduction properties of holes. 
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P-N Junctions 

A p-n junction cell (photovoltaic cell) is illustrated in Figure 2.1 (a) and (b) before 

and after illumination with radiant energy respectively. In Figure 2.1(a) the cell is in the 

dark. There is no net current flow because the Fermi level, shown by the dotted line, has the 

same energy on both sides of the junction. <Pb is the height of the potential barrier at the 

junction between the n- and p-type materials. In Figure 2.1(b), light of energy equal to or 

greater than Eg shines on the semiconductor and generates electron-hole pairs at the junction. 

Electrons that are excited out of the valence band go into the conduction band and leave holes 

behind. These electrons now travel down the barrier, as shown by the arrow, and drop into 

empty states in the conduction band. Some of these photogenerated electrons are shown as 

negative charges in the conduction band. 

n p 
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Ef -- -------------

E9 
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Figure 2.1(n) Energy Bands at Equilibrium 
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Similarly, the photogenerated holes move up the barrier and are shown by the 

additional positive charges in Figure 2.1 (b). In this none-equilibrium condition with the 

radiant energy incident on the photo voltaic cell, the Fermi level on the n side is separated 

from the Fermi level on the p side by qV, where q is the electron charge and V is the 

generated photovoltage. Since the quasi Fermi level on the n-side is close to the conduction 

band, the potential barrier at the junction between the n-and p-type materials is now reduced 

to ~b - qV. The photocurrent flows from the p side (positive charge or hole dominated) to 

the n side (negative charge or electron dominated). 

n p 

E:c __ --ll-__ _ 

Ef-------

Figure 2.1(b) Energy Bands With Incident Light 

It is important to note that the photocurrent generated flows in the direction opposite 

to that flowing through the junction when light is excluded from the cell by packaging or 

encapsulation and the device is used as an ordinary forward-biased semiconductor diode with 

the positive terminal of a power supply connected to the p side. This has special significance 

in photovoltaic arrays with the photovoltaic cells connected in parallel. If some of the cells 
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in parallel are shaded they act as a shunt resistance (the p-n junction is forward biased) and 

hence draw current. With proper design, shading is not a problem in this project. 

Indirect and Direct Bandgaps 

Photo voltaic cells may be classified as being either of direct or indirect energy gaps. 

In general, the preferred cell in this project is direct bandgap. A discussion of the underlying 

physics of these two types of energy gaps follows. 

In a direct transition the electron is raised directly from the valence band to the 

conduction band with minimum involvement of phonons. In this case the conduction band 

minimum occurs at the same point in k-space (momentum space) as the valance band 

maximum. 

In an indirect transition the electron is raised from the valence band to the conduction 

band with the involvement of phonons. In this case the conduction band minimum occurs at 

a different point in k-space as the valance band maximum. 

Figure 2.2 illustrates these two different types of energy gaps. The direct bandgap 

transition is certainly the more efficient process since phonon involvement is minimal. Direct 

bandgap transitions are considered to be two-bodied processes (photons and electrons) while 

indirect bandgap transitions are three bodied processes (photons, electrons, and phonons). 

Phonon involvement is always undesirable in photovoltaic cells. Direct bandgap 

semiconductors are known for their high absorption coefficients (105 cm-l), sharp absorption 

edges, and relatively low temperature sensitivity (for a given bandgap), as compared to 

indirect bandgap semiconductors. 
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Conduction Bands 

Vo.lence Bo.ncls 

(0.) Direct Bandgap (b) Indirect Bandgo.p 

Figure 2.2 Direct and Indirect Bandgap Transitions 

Fortunately, in solar photovoltaic applications silicon photo voltaic cells give fairly 

good performance although being of the indirect bandgap type. One of the reasons for this 

is related to the fact that the solar spectrum peaks at around 500 nm. Due to the indirect 

bandgap of silicon, the absorption edge of silicon is gradual, in fact from around 900 nm to 

1,100 nm the response of silicon (and the quantum efficiency; see Tables 2 through 11 in 

Appendix A) falls off considerably. Since the solar spectrum peaks at around 500 nm, the 

solar energy in the region from 900 nm to 1,100 nm is proportionately less than solar radiant 

energy near 500 nm. The effects of this gradual falloff in quantum efficiency is not overly 

noticeable (for solar spectrums). 
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Unfortunately, some phonon involvement is inevitable even in direct-bandgap 

semiconductors, particularly when broad-spectrum sources are used. In this case, many of 

the absorbed photons have energy in excess of that necessary to create electron-hole pairs 

(i.e., shorter-wavelength radiant energy). Photons with energy in excess of that necessary to 

create electron-hole pairs contribute to lattice vibrations and are thus eventually dissipated 

as heat in the semiconductor material (i.e., photovoltaic cell). 

Currently Available Photovoltaic Cells 

Several photo voltaic cells are candidates for use on this project, each have their 

respective advantages and disadvantages. Silicon (Si), which has an indirect bandgap of about 

1.1 e.V., represents the most advanced technology. Typical silicon photovoltaic cells use 

low-resistivity, planar-junction, crystalline silicon. Common efficiencies are approximately 

20% at a concentration of 100 to 200 suns. Other concentrators use lower quality cells, for 

example, polycrystalline silicon or single-crystal silicon that is not highly purified. These 

cells have solar efficiencies in the range of 16% to 18% at 10 to 20 suns, the concentration 

ratio being too low for use in this project. This demonstrates that good quality concentrator 

cells can be very expensive, and while photovoltaic-cell reliability is excellent, provisions for 

maintenance should be allowed for in the photovoltaic power-generating structure, as 

discussed in Chapter 3. 

Gallium arsenide (GaAs) photovoltaic cells have a direct bandgap of about 1.45 e.V .. 

Many present GaAs photovoltaic cells are designed for very high concentration ratios, 

e.g., I,OOOX, although such ratios are not needed in this project. High efficiency thin-film 

GaAs concentrator photovoltaic cells are desirable because less material is involved and thus 

they are economically attractive. 
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Polycrystalline thin-film photovoltaic cells (e.g., CuInSe2 with a direct bandgap of 

1.04 e.V.) are presently built for operation without concentration; however, there appears to 

be no fundamental reason why these cells could not be designed and eventually built to 

operate under concentrations of 200 to 300 suns and temperatures under about 1000 C, the 

approximate equivalent solar concentrations and photovoltaic-cell temperatures anticipated 

in this project. This would mainly involve the design of lower series-resistance cells using 

materials of lower bulk resistivity and the design of appropriate low-resistance ohmic 

contacts. 

Series resistance is always a crucial consideration in concentrator photovoltaic cells 

because when the concentration incident upon a photovoltaic cell is increased by a factor of, 

say, 100, the current density in the cell increases by a factor of about 100 and power 

dissipation in the cell is increased by a factor of 10,00Q-since power dissipation varies as 

I2R. Under these circumstances R must be kept as small as possible. Photovoltaic cells 

designed to operate under high concentration ratios are frequently made physically small to 

keep their series resistance low. 

Examples of photovoltaic cells with band gaps of approximately 0.7 e.V. are 

germanium (Ge; see Kittl, Lammert, and Schwartz, 1975, p. 424), indium phosphide/indium 

gallium ~rsenide (InP/InGaAs; see James, 1975, p. 87), gallium antimony (GaSb; see Frass, 

1990, p. 190), and indium gallium arsenide phosphide (InGaAsP; see Rhoads, Negley, and 

Barnett, 1988, p. 649). These cells are sensitive out to about 1,700 nm. Due to the low 

bandgaps of these cells, their voltage output is relatively small (while their current output is 

large) and many cells are needed in each respective series string. This is especially true on 

120 volt or 270 volt systems. Germanium is an indirect bandgap and thus would probably not 

be a good cell for this project. 



29 

Standardization Programs 

A voltage standardization program is necessary if the photovoltaic-cell system is used 

in its natural D.C. form. Acceptable design voltages need to be established and standardized, 

as D.C. systems are presently not commonly used in large jet aircraft. Also, grounding criteria 

need to be established. In general, one end of each photovoltaic-cell series string should be 

electrically connected to structure (aircraft ground). Proper grounding is the most important 

precaution to take against electrostatic charging phenomena on aircraft. 

Evaluating Photovoltaic Cell Performance: 1-Y Curves 

Figure 2.3 shows the normal current-voltage 1-V relationship in a p-n junction when 

operated in the photovoltaic mode. The characteristics are measured after the introduction 

of a variable load resistor across the cell. Curves in the fourth quadrant (such as Figure 2.3) 

are sometimes referred to as load characteristics to avoid confusing them with the full I-V 

characteristics. Full I-V characteristics are obtained by applying both positive and negative 

bias by means of a battery or power supply placed across the junction. Full I-V 

characteristics include also the first quadrant for forward-bias operation and the third 

quadrant for reverse-bias operation. The discussion here is restricted to load characteristics 

in the fourth quadrant which relate to the photovoltaic mode. 

In Figure 2.3, the voltage developed across the cell when there is no load resistor 

across it is called the open-circuit voltage and is labeled Voc' The characteristics for voltages 

between 0 and Voc are measured after the introduction of a variable load resistor across the 

cell. The short-circuit current Isc is the current with the cell shorted out with zero load 

resistance. IDe depends on both the area of the cell and on light intensity (Icc is directly 
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Figure 2.3 I-V Curve: Photovoltaic Mode 
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proportional to the light intensity). At very high light intensities Ioe saturates. In contrast, 

Voc increases very rapidly at low intensities and then levels off; the voltage is a logarithmic 

function of the incident radiant intensity. 

The calculation of the efficiency of a photovoltaic cell from its load characteristics is 

shown by the straight line APB in Figure 2.3. The maiCimum power point P, at which the cell 

works most efficiently, is determined by drawing the tangent APB to the curve such that AP 

= PB. The maximum power in watts is then 00 multiplied by OC. In Figure 2.3, if 00 were 

0.5 volts and OC were 30 m.a., then this is equal to 15 milliwatts (approximate values for a 

silicon photovoltaic cell irradiated with 100 milliwatts/cm2; approximately one sun). 

Assuming a cell area of 1.0 cm2, the power per unit area is 15 milliwatts/cm2• Since 100 

milliwatts/cm2 is falling on the cell, its efficiency is 15 percent. 

1-V curves are an excellent tool for evaluating the performance of concentrator 

photovoltaic cells used in this project. In general, when the engine rpms are increased, 

radiant intensities increase and the spectrum peak moves to shorter wavelengths, as the flame 

temperature increases. As concentration is increased by increasing engine rpm, the general 

sequence of curves shown in Figure 2.4 should result. When radiant intensity is doubled, 

short-circuit current is doubled and the shape of the I-V curves should remain as in 
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Figure 2.4 I-V Curves: Low Series-Resistance Cell 

Figure 2.4. The bending of these curves (decreasing field factor) as in Figure 2.5 generally 

indicate that the series resistance of the photovoltaic cell is sufficient to degrade performance 

and that cells designed for higher concentration ratios should be used (typically lower 

series-resistance cells). 
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a 

Figure 2.S I-V Curves: High Series-Resistance Cell 
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Multi iunction Cells 

The wide current range shown in Figure 2.4 illustrates potential difficulties involved 

in using series-connected multiple-gap photovoltaic cells with a radiant-energy source that 

varies widely in intensity and spectrum. Such multijunction photovoltaic cells consist of a 

series of single-gap photovoltaic cells (with different bandgaps) fabricated one on top of the 

other, each one using a different region of the spectrum, the set being connected in series. 

In order to achieve the full potential of this arrangement the individual cells of the structure 

must be reasonably matched in their photocurrents. 

Another approach (Doellner, 1979, p. 92) is to use 4-terminal (optically-cascaded) 

tandem cells. Four-terminal tandem cells are single-gap photo voltaic cells (with different 

bandgaps) fabricated one on top of the other, each one using a different portion of the 

spectrum, the individual single-gap photovoitaic cells not being interconnected electrically. 

Such 4-terminal tandem cells are compatible with the photovoltaic power-generating structure 

discussed in Chapter 3. In fact, to equalize the voltage output of such an arrangement (if 

desired), each higher-bandgap top cell could be over two (or three) series-connected 

lower-bandgap bottom cells. 

An example of such a cell is GaAIAs/GaAs on top of GaSb. Since GaAIAs/GaAs 

photovoltaic cells can operate at relatively high temperatures, the GaAIAs/GaAs cells provide 

270 volts D.C. starting with the takeoff run while the lower-bandgap cells would typically 
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be too hot to operate well. l When the aircraft reaches altitude, the fuel reaches temperatures 

where the lower-bandgap cells are efficient. After about one hour at altitude, fuel 

temperatures approach outside ambient and maximum performance is expected from the 

4-terminal cells. This performance continues during descent and landing (when thrust is 

diminished) due to the low fuel temperatures-well below the freezing point of water 

(Chapter 4). The only time the Auxiliary Power Unit (APU) is needed is during the initial 

taxiing out to the runway; this is fuel efficient over methods presently used where the APU 

is normally used both during taxiing as well as during the takeoff run (typically up to about 

5,000 ft) in order to reduce engine loading and obtain maximum thrust. 

Another example of a currently-available 4-terminal tandem cell is GaAs on top of 

silicon. Such cells have demonstrated a total efficiency of 31% under a concentration of 350 

Air Mass 1.5 suns (Gee and Virshup, 1988, p. 754). This is the first time a solar photovoltaic 

efficiency over 30% has been achieved. 

Another approach to photovoltaic-cell operation at elevated temperatures may be 

understood by reference to Figure 2.6. This figure demonstrates how photovoltaic cell output 

voltage decreases with increases in photovoltaic-cell temperature. The interesting thing about 

this curve is that photovoltaic-cell current actually increases slightly with increase in 

photovoltaic-cell temperature (Buresch, 1983, p. 82). What this curve means is that if 

variable-length series strings were employed, one could compensate for the falloff in 

1 Aircraft are designed to operate at maximum fuel temperatures of about 1600 F 
(Military Standard 210C). On a hot desert day ambient temperatures of about 1200 Fare 
possible. The aluminum skin of an aircraft has an absorptivity/emissivity ratio such that 
under certain (worst-case) conditions fuel temperatures can reach 1600 F. Under such 
conditions and during takeoff there would typically be reduced voltage output from 
low-bandgap photovoltaic cells. However 1.45 e.V. bandgap cells would provide good 
outputs, since while their temperature would be about 1000 C (Chapter 4), the amount of 
radiant energy available during takeoff would be very large. 
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photovoltaic-cell voltage by simply employing proportionately longer series strings. This is 

discussed further in Chapter 6. 

+> 1.0 c 
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Figure 2.6 I-V Relationships With Temperature 

Temperature Effects 

Since temperature is of much concern in a jet engine, some discussion of how heat 

affects p-n junctions is appropriate. The simplest way of looking at this is to note that 

increases in temperature raise the thermal energy kT, where k is the Boltzmann constant and 

T is temperature. When the number of carriers being thrown across the bandgap by kT negate 

the effects of the impurity p-n doping, the energy bands flatten and performance 

correspondingly deteriorates. 
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A more rigorous approach to how temperature affects photovoltaic cells is related to 

the fact that Voc is inversely dependent on the intrinsic carrier concentration nj which 

increases exponentially with temperature. The saturation dark current density is proportional 

to nj2 and to nj for the cases of injection-diffusion and recombination-generation currents 

respectively. With increase in temperature these saturation dark currents are such as to 

subtract from the generated cell photocurrent and hence decrease the net power output. 

Ohmic Contacts and Cell Surface Effects 

In order to collect the photocurrent, electrodes are normally used to make ohmic 

contact to both the front and back of the cell. Ohmic contacts are junctions that are not 

sensitive to light and that are low in resistance. Ohmic contacts have a nearly infinite 

recombination velocity because an ohmic contact is a virtually perfect source or sink of both 

carrier types (electrons or holes). Because of this high surface recombination velocity, 

provisions for some form of carrier confinement must be made, particularly in 

high-concentration photovoltaic cells. 

The front electrode, which in Figure 2.1 contacts the n-type semiconductor region (for 

silicon), has to collect photogenerated carriers efficiently and transmit radiant energy to such 

an extent that cell efficiency is not reduced appreciably. To achieve this, the front electrode 

must consist of either a conductive film which is thin enough over the central area of the cell 

to be transparent to light, and thick enough at the edges to facilitate current collection-or 

it must consist of a thick conductive mesh bonded to the cell surface, the common type of 

electrode used in concentrator photovoltaic cells. In the latter case, the mesh may be created 

by a photoengraving process. The calculation of the optimum mesh size is not simple. 

Electrical resistance, light transmission and cell area must be optimized. Normally, 
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compromise values for the thicknesses of the electrode and the mesh gaps are established from 

theory. In concentrator cells, as concentration increases it is necessary to use more grid mesh 

coverage-effectively a larger front electrode.2 This is necessary to keep the series 

resistance(s) of the cell(s) small. 

Regardless of the design of the front electrode, gold is frequently the conductive 

material of choice. Gold is corrosion resistant and can stand the high temperatures to which 

some cells are subjected. It is reproducible from a resistivity and fabrication point of view, 

and photovoltaic cells having very high yields can be produced using it. 

Typically, the front surface of each photo voltaic cell is antireflection coated. Such 

coatings use optical interference effects to pass-with minimum reflection-those portions 

of the spectrum usable to the photo voltaic cell, while reflecting-with reasonably high 

reflectance-those portions of the spectrum not useable to the photo voltaic cells. Because of 

the importance of these coatings, Chapter 5 is devoted to thin-film theory and applications. 

A back-surface field is frequently used to provide carrier confinement at the rear 

electrode. The back-surface field is the result of a built-in junction or barrier near the rear 

surface of the cell. as for example P/P+ where P+ is very heavily doped P-type material. Not 

only is there an increase in Voc due to this additional built-in barrier at the P /P+ junction, 

but also through the "shielding" of minority carriers from the (near) infinite surface 

recombination velocity of the back contact. 

At the front surface, a potential barrier is similarly provided to shield carriers from 

the front-surface infinite recombination velocity. For example, in GaAs photovoltaic cells, 

this is typically done with a p-GaAs-p-AIGaAs heterojunction. This p-GaAs-p-AIGaAs 

heterojunction confines the electrons generated in the p-GaAs layer, giving a low surface 

2 This can be optically minimized by the use of prismatic covers discussed in Chapter 3. 
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recombination velocity, which greatly increases the efficiency over that which is possible with 

a straight GaAs cell. Such AsGaAs-GaAs heterojunctions have also been used to provide low 

recombination velocity interfaces in other devices such as lasers and photocathodes, giving 

greatly improved performance. 

Thermal Connection to Structure (Cell Substrate) 

Given a photovoltaic cell p-n junction with suitable ohmic contacts, it is necessary to 

thermally bond (and electrically insulate) this assembly to the modified-centerframe 

structureS of the jet engine. Several materials are presently available to achieve this 

objective. Factors to consider are the thermal and electrical resistance of this junction and 

its dielectric breakdown strength. 

Materials that have been considered include beryllia (BeO; beryllium oxide), alumina 

(AI20 S; aluminum oxide), sapphire (AI20 s), aluminum nitride (AlN), hot-pressed boron 

nitride (BN), pressureless sintered silicon carbide, and, most recently, diamond coatings. All 

of these materials have relatively good thermal conductivity and high electrical resistance. 

Hot-pressed boron nitride is a material having a better thermal conductivity than 

alumina (by a factor of about 2) and is an excellent electrical insulator. It is also a material 

very easy to machine without diamond grinding, compared to alumina or beryllia. 

Hot-pressed boron nitride is also softer than the other materials, is compressible, and is 

slightly malleable. This enables components made of boron nitride to conform under pressure 

to imperfections. This results in improved surface contact between heat source and heat sink, 

substantially enhancing boron nitride's performance as a thermal conductor. However, the 

S The modified-centerframe structure will later be referred to as the photovoltaic power
generating (PPG) structure. 



38 

material is also a lubricant/low friction substance; metalizing boron nitride is not as 

straightforward as it is for alumina or beryllia. A reactive layer, as for example titanium 

nitride, must be formed on the boron nitride, to which almost any metal will adhere (this 

reactive layer is an intermediate layer between the boron nitride and metal layer). This 

additional processing step typically involves subjecting the boron nitride to temperatures of 

about 1,000° C, as for example, coating (wiping) the boron nitride with titanium disilicide and 

then heating to 1,000° C-thus forming a reactive layer of titanium nitride on the boron 

nitride. This does involve this additional processing step over the relatively simple metalizing 

of alumina or beryllia; however, boron nitride has superior machining properties compared 

to both alumina and beryllia. 

While alumina and beryllia are the two materials commonly used in concentrator 

photovoltaic systems, another material which appears to have excellent properties is aluminum 

nitride. Aluminum nitride has about 3.5 times the thermal conductivity as alumina but a 

somewhat lower electrical volume resistivity, 1011 ohm-cm versus 1014 0hm-cm. 

Simple calculations demonstrate that even a 10 mil thickness of aluminum nitride 

(volume resistivity = 1011 ohm-em) has more than adequate resistivity for use in this project. 

Consider a 30-inch diameter modified-centerframe (photo voltaic power-generating) structure 

for a fairly large engine with an axial length of the section of the centerframe holding the 

photovoltaic cells of 7 inches. The circumference of this structure is 1f (Diameter) = 94.25 

inches giving an area of 7 inch X 94.25 inch or 660 inch2• This is equivalent to 4,256 cm2; 

in photovoltaic-cell terminology this may be thought of as a 4,256 cm2 photovoltaic module. 
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The formula for resistance R: 

p L (1011 ohm-cm)(0.0254 cm) 
R c--= ---------- 2.1 

A 4,256 cm2 

where p = volume resistivity, L = thickness of material, and A = total cross-sectional area of 

material. 

On a 270 volt system the current drain for this resistive load would be about 

452 JJ ampere (Ohm's Law), a negligible loss. 
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CHAPTER 3 

THE PHOTOVOLTAIC POWER-GENERATING STRUCTURE 

CONSTRUCTION, STRUCTURAL ASPECTS, AND OPERATION 

This chapter discusses the construction, structural aspects, and operation of the 

photovoltaic power-generating (PPG) structure. This structure is necessary to integrate 

photovoltaic cells into existing and future gas turbinefjet engines. 
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To Engine 
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To Engine 
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Figure 3.1 Centerframe Section of Typical Jet Engine 
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PhQtQvQltaic PQwer GeneratQr (PPGl DescriptiQn 

Figure 3.1 shQWS a three-dimensiQnal view Qf the centerframe sectiQn on a typical jet 

engine. Figure 3.2 is a crQss-sectional view of the cQrresponding centerframe section of a jet 

engine modified tQ incQrpQrate the PPG structure. The PPG structure is the PQrtion of a gas 

turbinefjet engine structure opposite the open-hQle-area PQrtion of the combustQr where the 

photovoltaic cells are IQcated (Doellner, 1978). The fundamental objective of the PPG is to 

provide a structure suitable for hQlding, protecting, and cQQling the phQtQvoltaic cells. The 
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Figure 3.2 Conceptual CQnstruction of PPG Structure 
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PPG structure provides an ru:sembly for mounting and securing the photovoltaic cells on their 

substrates under appropriate radiant-energy transparent windows-the assembly protects the 

photovoltaic cells and allows for thermal expansion of the radiant-energy transparent windows 

and photovoltaic-cell substrates. The PPG also provides an integrated assembly strong enough 

to survive the "g" shock and vibration environment of a jet engine and provides for 

photovoltaic-cell interconnections. The centerframe assembly is designed for minimum jet-

engine weight, consistent with strength requirements. 

The PPG requires some periodic inspection and maintenance, although such servicing 

is minimum. Thin-film coatings, interconnections, radiant-energy transparent windows, 

photovoltaic cells, and substrates must occasionally be inspected and/or repaired. Windows, 

photo voltaic cells, and substrates should be removable and replaceable if necessary. 

Maintainability and serviceability are important features of the design of the structures. If 

a fault develops in a photovoltaic cell, some means of replacing the photovoltaic cell is 

needed. It is desired that a removable printed-circuit board approach be employed for the 

photovoltaic cells used in the structure. However, it is also desired that these printed-circuit 

boards be permanently bonded into the underlying heat-sink structure to insure intimate 

thermal contact. These two goals are not necessarily incompatible. For example, it would not 

be overly difficult to use a milling-type machine to mill out an inoperable 

permanently-bonded printed-circuit board. A new printed-circuit board could then be 

substituted for it. Alternately, satisfactory semi-permanent bonding materials may be 

developed enabling the circuit card to be lifted and removed in the event of a failed circuit 

card. For example, one corner of the circuit card could be purposefully left unbonded" for 

access and ease of circuit-card removal. 

4 At an extreme forward or rear location in the longitudinal air chamber where thermal 
bonding is not critical. 
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In gas turbine/jet engines the radiant intensity of the combustion flame (e.g., annular 

combustors) is relatively constant around a given perimeter of the engine. The main 

variations in radiant intensity are in the axial direction. For this reason the photo voltaic cells 

are employed in series strings around the perimeter of the engine (making use of the constant 

radiant intensity). 

In future large jet aircraft, 270 volt D.C. systems now appear desirable. In large 

commercial jet aircraft the diameter of such engines is such to achieve approximately 

270 volts for each series string circling the engine. On smaller business jets, because of the 

reduced engine diameter, it may be necessary to circle the perimeter of the engine twice (with 

the two adjacent strings of the photovoltaic cells close together axially) to achieve the 270 

volts. Circling the engine more than one revolution is perfectly acceptable; a single series 

string (or series-paralleling combination, discussed later in this chapter) could encompass 1 t, 

2, 2 t, or even as many as 3 revolutions (or any fraction/portion of a revolution thereof, 

particularly if the cells are fairly small). 

Many business jets today typically use (approximately) 30 volt D.C. electrical systems. 

As a matter of interest, since business jets frequently use D.C. electrical systems, a business 

jet is probably the best test bed for evaluating the initial prototype of this concept. 

PPG Construction/Structural Aspects 

On the side of the PPG structure facing the combustion chamber are the sapphire 

windows (Figure 3.3). These sapphire windows thermally insulate and protect the 

photovoltaic cells from the blanket of air between the photovoltaic cells and the white-hot 

combustion flame. The sapphire windows also provide a transparent material for the radiant 

energy to pass to the photovoltaic cells. 
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Edge of Sapphire Window 

Inside Surface 
Of' Sapphire Window 

Inner PlenuM 

Alrgap 

Figure 3.3 Partially-Assembled Inside (Rear) View of PPG 

On the reverse side of this structure (i.e., radially outward of the inner plenum in 

Figure 3.3) is the (direct or indirect) fuel-cooling.6 Fuel enters the manifold (located 

external to the inner plenum of Figure 3.3) by way of a fuel-inlet connector, flushes the 

backside of the wall (inner plenum) where the photovoltaic cells are located (cooling the 

photovoltaic cells), and then exits the manifold by the fuel-outlet connector. This outlet fuel 

is then directed to the engine atomizers. In many cases there will be no fuel-outlet connector, 

the plumbing being integral in the PPG structure and going directly to the engine atomizers. 

While direct fuel cooling is discussed here, this is not meant to be limiting, indirect fuel 

cooling (p. 134) or air cooling (Doellner, 1979) could equally well have been used. 

6 This dissertation is written around the use of direct fuel cooling for reasons given on 
p.134. 

The 1981 NBS report suggests (direct or indirect) fuel cooling for initial work on this 
project. The first prototype test runs wHl employ water cooling, for simplicity and obvious 
safety reasons. 
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In general, the full length of the centerframe structure between the 

longitudinally-running ribs (longitudinal subsections) forms a pressure-balanced air chamber, 

Le., the pressure on each side of the radiant-energy transparent window (typically sapphire) 

is approximately equal. The thickness of this air chamber, i.e., the distance between the 

sapphire window and the underlying photovoltaic cells, is about 10 to 20 mils. The type of 

photovoltaic cell most appropriate for this application is the conventional planar p-n junction 

designed for use under radiant-energy concentration. Since these photovoltaic cells are 

connected in series strings around the perimeter of the engine, parallel grid lines are preferred 

over radial grid lines. 

There are two advantages of using parallel grid lines. First, they are more amenable 

to series interconnects where connection is to each side of the photovoltaic cell, as desired in 

this project. On the other hand, with radial grid lines, it is usually desirable to have the 

interconnections off all corners of the cell simultaneously-to reduce the series-resistance 

losses of the cell. This is particularly true at the high current levels anticipated in this project. 

A second advantage of the parallel grid lines is that they are compatible with the use 

of prismatic covers (O'Neill, 1985; O'Neill, 1987; O'Neill and Piszczor, 1988, p. 1,007). 

Prismatic covers refract light rays away from the photovoltaic-cell grid lines toward the active 

area of the photo voltaic cell between the grid lines. Since grid obscuration is no longer a 

problem, the grid lines can be made substantially wider and thicker to reduce parasitic 

resistive losses, as well as ohmic contact losses. For terrestrial solar photovoltaic applications 

a molded silicone RTV is glued to the photovoitaic cell using a silicone adhesive. 

In effect, the pressure-balanced air chamber is a sandwich of two planar surfaces, a 

(typically) high-aspect-ratio sapphire window on one side and the (high-aspect-ratio) 

photovoltaic-cell substrate on the other-with air in between. Air enters this chamber by 

means of the air-pressure equalization hole (Figure 3.4). This subject is discussed in detail 
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in the section of this chapter entitled Air-Pressure EQualization. As seen in Chapter 4, with 

a thin rib structure, a large airgap, and no radiant-heat loading, the thermal resistance from 

the sapphire plate to the photovoltaic cell can become so large that the photovoltaic-cell 

temperature approaches (in theory) that of the fuel liquid coolant. 

Reverse-flow 
Entrance 

Diverging Hollow 
ChaMber Air-Pressure EquOollZOo tlon Hole 

Figure 3.4 Closeup Cutaway Inside (Front) View of PPG 

While the PPG structure provides a very light-weight centerframe structure, all othlJr 

components (photovoltaic cells, interconnections, etc.) are also preferably low-mass 

components. As is well known in physics, as the mass ofa component (e.g., photovoltaic cells) 

approaches zero, vulnerability to "g" forces and vibration approaches zero. From a theoretical 

viewpoint, it is desired that the photovoltaic cells used have as low a mass as 

possible-thin-film photo voltaic cells being a preferred candidate. At present, this is not 
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practical; in existing technology photo voltaic cells are on the order of 10 to 15 mils thick. 

This is a technological limitation, thinner cells lack structural rigidity while cells constructed 

by thin-film technology have not achieved the efficiencies of the thicker photovoltaic cells. 

Thin, low-mass photovoltaic cells are desirable not only from the "g" force and 

vibration standpoint just discussed, but also from the standpoint of thermal 

considerations-the thinner the cell, the better the thermal connection of the 

photovoltaic-cell junction to the underlying cooled heat-sink (e.g., aluminum structure). 

Chapter 4 discusses this in greater detail. 

The interconnections pass through holes in the rib structure. The holes in the rib 

structure additionally provide alternate paths for air to enter and exit the longitudinal 

subsections. While the interconnections may not have the extremely low mass of the 

photovoltaic cells, the interconnections may use ceramic insulating retainers or formed 

grommets to secure and (electrically) insulate the interconnections to the longitudinal rib 

structure, thus helping to control "g" forces and vibration. 

In high current-density applications, the electrical interconnections may be thermally 

bonded to the cooled and thermally-sinked centerframe structure, in order that their 

current-carrying capacity (ampacity) be increased for given size conductors. [The ampacity 

of any size and kind of conductor varies with its surrounding environment, however the 

voltage drop for a given current, for any given length conductor, depends solely on the area 

(e.g., circular mils) of the conductor (Richter and Schwan, 1978, p. 119).] If the 

interconnections are not thermally sinked, larger diameter interconnections will be needed, 

possibly resulting in geometrical complications and some small additional weight. 

Typically, thin-film antireflection coatings will be used on the radiant-energy 

transparent sapphire window, particularly on the window side away from the engine internal 

air stream. Thin-film antireflection coatings will also preferably be used on the photovoltaic 
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cells. The bottom electrode (metalization/thin-film coating) of conventional photovoltaic cells 

doubly acts as a back-surface reflector, reflecting radiant energy that is outside the spectral 

response of the photovoltaic cells. 

As a point of interest, the copper and silver electrodes commonly used on the back 

side of photovoltaic cells make excellent infrared reflectors for sources on the order of 2,000 

to 2,500 K-where there is very little radiant energy available at wavelengths under 500 nm. 

This is due to the plasma frequency characteristics of metals, metals are excellent reflectors 

at frequencies below (longer wavelengths) the plasma frequency but behave very much like 

a dielectric at frequencies above (shorter wavelengths) the plasma frequency. This means that 

in the aircraft photovoltaic power-generating system, the radiant-energy heat load will be 

minimum. The upper grid-structure electrode (masked thin-film coating) also reflects radiant 

energy (~ 10%) not used by the photovoltaic cells, if prismatic covers are not used. [If 

prismatic covers are used, the back-surface electrode (e.g., copper) will reflect approximately 

95% of the unused radiant energy.] Unfortunately, for solar applications where the peak 

energy is centered around 500 nm, there is considerable radiant-energy absorption in these 

metal electrodes, and thus a fairly large resulting heat load. This is because much of the 

radiant energy in a solar spectrum lies at frequencies above the plasma frequency for the 

metal electrodes presently used (e.g., copper or silver). 

These thin-film coatings act to protect the photovoltaic cells from unwanted radiant 

energy, while allowing radiant energy within the spectral response of the photovoltaic cells 

to pass. The thin-film theory basic to the understanding of this application is discussed in 

detail in Chapter 5. While photovoltaic cells are generally flat, the possibility of curved 

photovoltaic cells and/or substrates/dielectric coatings on a curved surface (i.e., the curved 

surface of the centerframe casing) must not be excluded. In addition to the thin-film coatings 

indicated, it may be necessary to coat the photovoltaic cell/substrate/interconnections with 
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an encapsulant to protect the surfaces against the effects of water---condensation may form 

on this cooled structure under certain circumstances. 

Due to pressure balancing, the rib structures themselves are very lightly-loaded 

structurally, i.e., they do not need to be of elaborate and/or extremely strong construction. 

(Likewise, the radiant-energy transparent window is also very lightly loaded, due to pressure 

balancing.) The longitudinal rib structures may be made large in cross-section, thereby 

increasing their thermal conductivity in the direction of the base of the rib, if so desired. 

Conversely, the rib structures may be made very thin, thus giving a very high thermal 

resistance through the sapphire window to the photovoltaic cells. The grooves in the rib 

structure holding the sapphire window and substrate are very tight in an outward (radially 

outward from engine) direction to securely hold the windows and/or substrates, but relatively 

loose in the lateral direction-lateral meaning in the direction around the perimeter of the 

engine centerframe. These features allow for thermal growth of the windows/substrates, 

while keeping combustion carbon-soot particles and debris out of the air chamber. 

Such mechanically/structurally-secured windows and/or substrates have virtually no 

probability of being vibrated from their positions and are furthermore removable in the event 

of a system overhaul. While a very small amount of air may enter the air chamber by seepage 

in the (sapphire window) grooves in the longitudinal rib structure (the structure is obviously 

not completely airtight), vastly greater proportions of air enter the chamber by a reverse-flow 

entrance, typically forward or aft of the combustor open-hole area. It is the barrier of the 

rear thermally-insulating gasket and/or a specially constructed retainer that holds the 

substrates in place (axially). 

Occasionally, there will be a single photovoltaic cell in each series string between each 

adjacent pair of rib structures on the centerframe structure (i.e., a single longitudinal row). 

When the longitudinal ribs are close together, a reasonably good thermal connection is 
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provided for the sapphire window to the underlying heat sink by the thermal conductivity of 

the longitudinal ribs. This thermal connection mayor may not be desirable, depending on the 

operational configuration under consideration. This is discussed in some detail in Chapter 4. 

It is of course possible to increase the distance between adjacent rib structures 

allowing more than a single longitudinal row of photovoltaic cells in this region. In general, 

the preferred configuration is when there are many longitudinal rows of photovoltaic cells 

between each adjacent pair of rib structures. This project favors low-bandgap photovoltaic 

cells-low-bandgap photo voltaic cells generate relatively small voltages. It is important for 

the reader to get accustomed to thinking in terms of small cells and many of them. 

Additionally, small cells are desirable in keeping the series resistance of each cell small. 

The cells would typically be connected in what is called series-paralleling (Green, 

1982, p. 117). By increasing the number of series strings and parallel blocks, tolerance to cell 

mismatch, cracked cells, and partial shadowing (shading) is increased. An alternate approach 

to this is the use of a bypass diode connected across one or more of the series blocks. This 

provides a low-resistance path for the branch string current and limits the power dissipated 

in the block. 

Substrates may be made of thermally-conducting, electrically-insulating materials like 

alumina or beryllium oxide. (Thermally conducting and electrically insulating goals are 

normally inconsistent, except for the materials mentioned.) Additionally, the substrate must 

have dielectric breakdown properties sufficient to handle the D.C. voltage generated by the 

photovoltaic cells (e.g., 270 volts plus safety margin). 

Each longitudinal substrate is essentially the equivalent of a printed circuit card. The 

substrates (printed-circuit cards) themselves could be electrophoretically-coated (see Beavis, 

1988, p. 1,338) aluminum, for aluminum PPG structures. The thickness of these aluminum 

circuit cards could be about 5 to 10 mils. 
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In the event of a failed photovoltaic cell, for example, it is necessary to partially 

disassemble the engine, remove the pertinent sapphire window, desolder (preferably by 

machine) the appropriate interconnections, and to remove the applicable longitudinal substrate 

(circuit card) via the rear of the PPG structure. (It is the barrier of the rear 

thermally-insulating gasket and/or a specially-constructed retainer that holds the substrates 

in place.) A new longitudinal substrate (with photovoltaic cells attached) is inserted, the 

interconnections resoldered (preferably by machine), and the complete unit is checked, 

preferably by automatic means. 

It is of course possible to dispense with such substrates (circuit cards) and mount the 

photovoltaic cells individually directly onto the inner plenum base with appropriate electrical 

insulation, as for example dielectric or electrophoretic coatings. (However, such a system 

negates the advantages of the replaceable printed-circuit-card approach.) If maintenance 

were needed, the cells could be milled out (in the event of defective cells) and replaced, much 

as with the circuit-card approach. Since a minimum of several hundred photovoltaic cells are 

involved for each engine modified, this approach without printed-circuit cards would be very 

difficult to manufacture. 

By using the circuit-card approach, the circuit cards could be mass produced and then 

inserted in grooves in the longitudinal rib structure and permanently bonded into place. 

These grooves are not absolutely essential but they would hold the circuit cards in place in the 

rare event the permanent bonding failed. Each circuit card could hold as few as 5 or 6 

photovoltaic cells up to as many as hundreds of cells-when small cell sizes are used and 

several longitudinal rows of cells exist on each circuit card. 
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Air-Pressure Equalization 

Airgaps on the order of 20 mils will require that the air entering the air chamber be 

cooled-the air internal to most gas turbines probably being much too hot for entry directly 

by the rib structure alone. (High-temperature air impinging directly on the photovoltaic cells 

would obviously be undesirable.) Hence at the forward (or rear) end of each longitudinal 

subsection is an air-pressure equalization hole (Figure 3.4). 

With increasing engine rpm and as the pressure inside the engine increases, the 

air-pressure equalization hole allows air to enter the longitudinal air chamber. In a time on 

the order of a second, the air pressure in the air chamber approximately equals the air 

pressure internal to the engine. Since jet engines cannot spool-up or spool-down 

instantaneously, there will never be greater than a predetermined (controlled by the diameter 

of the air-pressure equalization hole) pressure differential across the sapphire window. This 

means that stresses on the sapphire window and surrounding structure are very small. It also 

means that the sapphire window never presses against or touches the photo voltaic cells. This 

air-pressure equalization system has the advantage that on future jet engines-with the 

photovoltaic-cell, power-generating system incorporated-a single air-pressure equalization 

hole could accommodate an entire longitudinally-running row (Le., a single printed-circuit 

card) of photo voltaic cells. 

A reverse-flow entrance (Figure 3.4) will normally be employed in conjunction with 

the air-pressure equalization hole. This reverse-flow entrance employs a relatively long path 

length through the cooled structure and then a diverging hollow planar channel to interface 

with the main longitudinal air chamber (Figure 3.4). The air encounters considerable 

cooling-surface area and an expansion (an expansion is a cooling process) before the air ever 

enters the main longitudinal air chamber. This structure is cooled mainly because of the fuel's 
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high convective heat-transfer coefficient. There is intimate thermal contact between the 

photovoltaic cells and the underlying cooled structure (particularly when permanent bonding 

is employed), but very weak thermal coupling between the air in the air chamber and the 

photovoltaic cells. This is discussed in detail in Chapter 4. 

Debris entering the engine is thrown outward against the internal engine wall due to 

centrifugal force. In general, this debris does not enter the reverse-flow entrance, only air 

molecules enter. Since the entrance of the given planar heat exchanger is located forward of 

the actual combustion holes, the probability of any combustion carbon-soot particles getting 

into the air chamber is extremely small. If any debris does get inside the air chamber, the 

debris will be forcibly expelled during engine spool-down due to the diverging-exiting 

geometrical shape of the air chamber and the rapid expulsion of air from the chamber due to 

the pressure differential resulting from the spool-down. 

During engine spool-down, the operation within the longitudinal air chamber(s) is 

effectively a scaled-down analog to an inadvertent decompression in the fuselage of a 

plane-at altitude-when a fuselage rupture has occurred in the front or rear of the plane. 

Papers and low-mass materials within the fuselage are quickly expelled from the aircraft. In 

the air chamber(s) of the PPG this action provides a self-cleansing feature, greatly decreasing, 

if not eliminating the need for periodic cleaning. 

The efficiency of this self-cleansing feature can be 'adjusted somewhat by 

design-controlling the size of the exit hole (i.e., the air-pressure equalization hole discussed 

previously). Note that when the air exits by the air-pressure equalization hole, the air 

conveniently exits downstream. Overall, the probability of entry of debris into the air 

chamber is small, while if any debris does get within the chamber, its probability of exit is 

large. In simple language, this is the inverse of a fisherman's minnow-bucket trap that has 

a high probability of entry for the minnows, but conversely a low probability of exit. 
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PPG Operation 

In normal operation on an aircraft, the modified centerframe is cooled by fuel from 

the aircraft's tanks. This fuel typically enters at the rear of the PPG structure and then spirals 

helically in a manifold around the perimeter of the centerframe, before entering the atomizers 

forward of the PPG. This scheme of fuel cooling is called the helical fuel-flow method. 

Since fuel provides very high convective heat-transfer (e.g., coefficients as high as h ~ 1,400 

Btu/hr-ft2-
OF on takeoff) and normally gets very cold during flight, excellent 

photovoltaic-cell cooling can be achieved. During the last phases of altitude operation when 

the fuel is very cold, extremely low PPG temperatures are anticipated. It is obvious that 

cooling fins may be employed internal to channels in the fuel manifold for increased heat 

transfer and improved structural strength. 

As will be discussed subsequently, in actual engine operation with active fuel cooling, 

the fuel manifold/photovoltaic-cell assembly will be, by design, under 3000 F. The system 

used should be a fail-safe system meaning that it is impossible to have the combustion flame 

without the fuel cooling. By this design, it is also impossible for the PPG to achieve 

temperatures over 3000 F because of the active fuel cooling. The helical fuel-flow method 

is a fail-safe system. 

An alternate scheme to the helical fuel-flow method would be to have the fuel enter 

a channel running around the perimeter of the centerframe at the rear of the PPG. From here 

the fuel would travel, under pressure, by axial channels (around the perimeter of the engine) 

to the front of the engine, where the fuel would be routed to the individual atomizers. This 

method has the disadvantage that it is not a fail-safe system; if one of the axial channels gets 

blocked, serious overheating of the area around the plugged channel will result. For this 

reason, PPG's using the helical fuel-flow method are preferred. 
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An excellent analogy for understanding the thermal operation of the PPG structure 

follows. Consider a kettle or pan of water on a red hot electrical hot plate. The electrical hot 

plate is roughly of the same temperature as the air inside the centerframe housing, say 

1,200° F. The heat-transfer coefficient between the electrical hot plate and the pan is h s::$ 200 

Btu/hr-ft2-0F); this is approximately the same heat-transfer coefficient as from the air inside 

the centerframe casing to the centerframe casing (values given reflect worst-case aircraft 

take-off values on a high performance engine).6 Similarly the water in the pan roughly 

approximates the temperatures and heat-transfer coefficients to the pan (T s::$ 70 to 212° F; 

h s::$ 1,400 Btu/hr-ft2-OF) as adjacent to the outside of the centerframe casing (that is from the 

coolant to the PPG structure). It is the excellent heat-transfer coupling (h s::$ 1,400 

Btu/hr-ft2-0F) between the water and the pan or analogously the excellent heat-transfer 

coupling (h s::$ 1,400 Btu/hr-ft2- OF) between the coolant and the PPG, that keeps the structure 

in both cases from reaching temperatures that would destroy their structural integrity. 

Design Ob jective 

As a design goal the PPG should be designed to operate at temperatures under 300° F. 

The main reason for this is that temperatures over 300° F can cause fuel carbon-deposit 

problems. 

Two factors become important here-temperature and time. For example, an 

exposure (temperature and time) of 4000 F for 18 seconds is the maximum allowable before 

carbon deposits become a problem. For a temperature of 425° F only 9 seconds is allowable. 

At 450° F only 4t seconds is allowable, etc. As a rule of thumb, for every 25° F increase in 

6 It is fortunate that when jet engine temperatures are the highest, the fuel heat-transfer 
coefficients are also the largest. 
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temperature, the allowable time decreases by a factor of one half (Barnett and Hibbard, 1956). 

It is also obviously desirable to stay as far as possible from the ignition temperature of the 

fuel-which for Jet A fuel is 5000 F, as an example. Many aircraft fuel systems use bypass 

systems where unused fuel is recirculated from the fuel control to the pump inlet. The proper 

location of the fuel pump, fuel control, and fuel shutoff valve may be used to help in 

achieving the temperature goals (and correspondingly, freedom from carbon deposits) 

indicated. 

The highest temperatures the fuel manifold/PPG structure reach are anticipated to be 

after engine shutdown when the active fuel cooling ceases. This is analogous to the increase 

in temperature of an automotive engine after shutdown--once the active cooling ceases, the 

temperature of the engine block increases. 

By design, the PPG structure is built to never exceed temperatures of 3000 F even 

after engine shutdown. After engine shutdown, the PPG structure loses heat by convection 

and radiation to cooler surroundings. Heat will be slowly conducted into the structure by the 

gaskets used to separate the PPG structure from the engine proper (see the section Attachment 

of PPG later in this chapter), by convective coupling internal to the engine, and conduction 

(of heat internal to the engine) through the sapphire window/airgap arrangement. The 

reasonably high specific heat of centerframe metals is advantageous in retaining the structure 

at temperatures under 3000 F, since a large specific heat means that a relatively large quantity 

of heat is needed to raise the temperature by a given amount. 

Centerframe Material Considerations 

As already mentioned, in the high performance jet-aircraft engines of today, the 

centerframe structure runs typically at temperatures up to about 1,2000 F during takeoff. 

Relatively high-weight high-quality nickel alloys are normally needed for this structure. In 
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a modified centerframe structure, a fuel manifold is used to liquid-cool this basic structure; 

thus temperatures are held considerably under temperatures that aluminum (as an example) 

can withstand. Aluminum alloys have many useful properties one of which is that some have 

approximately 5 times the yield strength of hot-rolled structural steel for the same weight of 

material (Brady, 1971, p. 44). Other pertinent properties of aluminum are its excellent 

thermal conductivity, high specific heat, and good fatigue resistance. The high expansion 

characteristics of aluminum are in fact desirable in this application, because the temperature 

of the modified centerframe is limited by design to temperatures under 3000 F, while the 

temperatures of the adjacent engine structure may run up to about 1,2000 F in today's engines. 

Hence aluminum, at relatively low temperatures, but with a high temperature coefficient of 

expansion, helps to counteract the characteristics of the adjacent nickel alloy or steel, which 

is at much higher temperatures, but with a much lower temperature coefficient of expansion. 

While the use of aluminum alloys have some unique advantages, other materials are 

not to be excluded from consideration. For example, nickel alloys or steels with additives to 

enhance their thermal conductivity,7 could be used. As an example, additives such as sodium 

and potassium are frequently used to increase the thermal conductivity of steel valves in 

aircraft piston engines, (Newcomb and Kenny, 1962, page 144). 

The disadvantage of nickel alloys and steels is their high density. Much recent work 

is centered around the development of low-density materials for high-temperature 

applications. One such group of advanced lightweight materials is the titanium aluminides, 

in which titanium and aluminum form intermetallic compounds. A different class of 

materials for high-temperature applications includes the metal-matrix composites. An 

7 However when thermal conductivity is altered, other characteristics invariably change. 
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example of this material where high thermal conductivity is desired includes a composite of 

copper and carbon fibers. 

Centerframe Construction/Structural Considerations 

From a structural viewpoint, it must be emphasized that the main difference between 

a conventional and a PPG (when fuel cooling is employed) is that the former is constructed 

with a single plenum, while the latter is a sandwiched double-walled plenum structure 

(Figure 3.5). 

Inner PLenUM 

Outer PLenUM 

Figure 3.5 Simplified View Showing Double-Walled Plenum 

In its simpliest form, the PPG structure consists of two cylindrical sheet structures 

herein called the inner and outer plenums (Figure 3.5). If this double-walled structure is all 

made of the same material, then difficulties related to expansion problems are virtually 

eliminated. 

The helical fuel path could be made by metal (e.g., nickel alloy) separators attached 

by weldments to both the inner and outer plenum. The longitudinal rib structure could also 

be metal (e.g., nickel alloy) rib structures attached by weldments to the inside surface 



59 

(perimeter) of the inner plenum, or a dove-tailed approach as discussed in Chapter 4. In 

general, wrought alloy structures are preferred over cast structures because of their greater 

intrinsic strength; however, for some materials (e.g., nickel alloys), casted structures may have 

improved properties over the wrought materials. 

A more sophisticated approach involves machining the above mentioned separator 

structure (the structure providing the helical fuel path) directly in an integral sheet of metal. 

The helical fuel path is machined into one side of a thick sheet of the centerframe metal and 

the rib structures and head sections are machined into the other side. (If dove-tailed rib 

structures are employed, as discussed in Chapter 4, then the dove-tail grooves are machined 

directly into this integral structure.) The outer plenum is then welded to this integral 

structure. This has the advantage of reducing the overall number of weldments required. It 

also makes the entire structure integral except for weldments from this machined structure 

to the outer plenum, and also the weldment that closes the perimeter of this structure (i.e., the 

welded axial seam down one side of this structure, as in existing centerframe plenums). 

In the conventional centerframe structure there is one fairly large pressure difference 

between air internal to the engine and external to the engine. In the PPG structure there are 

two pressure differentials to consider. First, there is the pressure difference between the air 

internal to the engine and the pressure of the fuel in the manifold. Second, there is the 

pressure difference between the fuel in the manifold and the air external to the engine. If a 

nickel alloy were used for this structure, the thickness of the wall between the air internal to 

the engine and the fuel (the inner plenum) could be relatively small, since this pressure 

differential is small. This is ideal from the standpoint of cooling the photovoltaic cells, since 

a thin wall gives minimum thermal resistance and helps to compensate for the fact that most 

nickel alloys (without additives) do not have low thermal resistance. The inner plenum wall 
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could be on the order of 0.015 inch thick, although thicknesses of 0.030 inches or more would 

not be thermally or structurally objectionable. 

The reason for the relatively small pressure differential across the inner plenum is that 

when fuel flow and pressure increase, engine internal pressure likewise increases. When fuel 

flow and pressure decrease, engine internal pressure decreases. The resulting pressure 

difference across the inner plenum wall is small. In general, this relationship holds over the 

entire operational flight envelope. The maximum loading on the inner plenum wall is a radial 

compressive loading which results when fuel pressure is maximum and engine internal 

pressure is maximum. 

The probability of the inner-plenum wall rupturing8 and thereby ejecting fuel 

internal to the combustion casing would be just about zero; however, in the rare event that 

the inner-plenum wall ruptured, the result in the worst-case scenario would probably be an 

inflight shutdown. However, if existing fuel lines and/or the existing centerframe plenum 

ruptured, an inflight shutdown would also result. The probability of occurrence and/or 

consequences of such events are no more severe for the PPG aircraft than for the conventional 

aircraft. 

The wall between the fuel and the outside air (the outer plenum) carries the more 

significant pressure differential. On one side is the pressure of the fuel which will be large, 

for example, under maximum thrust conditions in a fighter plane. On the other side may be 

very low pressures, as for example at high altitudes. Hence, this outer plenum must be 

structurally much thicker and stronger than the inner plenum. It follows that the majority of 

the hoop tension (the force of tension in the perimeter of the centerframe structure due to 

8 The probability and/or risk of a rupture in the centerframe fuel manifold is essentially 
no greater than that of a rupture in the existing fuel lines or in the existing centerframe 
plenum. 
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internal-engine air pressure) is supported by this outer plenum, as well as the axial loads 

normally present in jet engines. The hoop tension force in a unit length is equal to 

"pH times "r" (Roark and Young, 1975, p. 448), where "pH is internal engine pressure and 

"r" is centerframe radius. 

Fuel- and Weight-Savings Advantages 

In a high-performance conventional engine, a nickel-alloy centerframe must tolerate 

temperatures as high as about 1,200° F. In the PPG structure of a modified engine, the 

structure needs only to tolerate approximately 3000 F due to the centerframe fuel cooling. 

The yield strength of typical nickel alloys varies by a factor of about 2 at these two 

temperatures (3000 F versus 1,200° F). This means that the PPG structure may use 

sheet-metal thicknesses on the order of about one-half that of the conventional engine 

centerframe. This more than offsets the small weight added by the need for sapphire 

windows, photovoltaic cells, substrates, interconnections, and rib structures. 

Evaluation of Fuel-Savings Potential 

It is well known in aviation technology that a pound of engine weight on a jet aircraft 

is equivalent to approximately 8 to 20 pounds of airframe structural weight, depending mainly 

on aircraft/engine configuration, flight profiles, and the aircraft designer. An 8 to to pound 

reduction in airframe weight (per pound of engine weight) is quoted in Johnson and Weeks, 

1956, p. 395. The Johnson and Weeks reference is an early reference--post World War II by 

approximately one decade. (No jet aircraft were used in World War II.) Other authors have 

quoted similar large savings in airframe weight. Rowe, 1958, p. 4-20 summarizes the weight-
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saving mechanism nicely: "During the preliminary design phase, one pound of weight added 

to the aircraft will result in a total weight increase of the aircraft at least an 

order-of -magnitude larger than the added weight. This weight penalty is a result of a cyclic 

process whereby one pound of weight added requires an additional increment of fuel to 

maintain the mission requirements: this results in an added increment of weight for the fuel 

tank, which requires an added increment of wing area, which requires more weight, more 

structure, more fuel, etc." Note that "at least an order-of-magnitude" is completely general 

referring to aircraft weight, not engine weight which is known to be much more critical. 

The 20 pound airframe weight to engine weight-figure ratio stated above was obtained 

from conversations with aircraft designers on recent programs. It is only logical that with 

aircraft performance increases over the years that the ratio of airframe weight to equivalent 

engine weight is increasing. For example, for a high-performance military aircraft following 

the earth's terrain (e.g., using terrain-following radar) at high speed and low altitude under 

flight computer guidance/control, the structural impacts and "g" forces the plane is subjected 

to are considerably greater and more frequent than for the early jet aircraft of the late 

'40s and early '50s (when Johnson and Weeks was written). Since there is a very high 

concentration of mass in the engine(s), for every pound of weight added to the engine(s), a 

considerably larger amount of weight must be added to the support structures holding the 

engine(s). Certainly, metal fatigue over time is of much concern particularly for a 

high-performance military aircraft, rather than for an aircraft where structural impacts are 

only encountered on landings and during occasional flight turbulence. It is only logical to 

conclude that with an increase in aircraft performance, the ratio of airframe weight to engine 

weight increases. Present-day aircraft have heavier engines and considerably more thrust than 

aircraft of 35 years ago. 
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The following discussion deals with the cruise condition since this is usually the 

longest period of an aircraft's flight. In level flight, the net thrust of the engine(s) must equal 

the net drag of the aircraft. Similarly. in level flight, the overall weight of the aircraft and 

the net lift that must be developed (through the wing surfaces) must be equal. 

For purposes of analysis, consider a twin-engine business jet with an average cruise 

weight of 15,000 pounds. Assume a typical business-jet engine weighing about 600 pounds 

(including the alternator). A very light9 alternator (with approximately 15,000 watts output) 

for these engines would weigh around 5S pounds. This is a conservative figure because it 

considers only the weight of the alternator and none of the associated weights discussed in 

Chapter 1. It is assumed that the weight of the photovoltaic power-generating system exactly 

equals the weight saved by the weight of the double-walled plenum/centerframe as discussed 

in the preceding; this is also a conservative assumption. It will be assumed that one pound of 

engine weight is equivalent to 10 pounds of airframe weight. This is also considered 

conservative for reasons discussed in the preceding. (The results may easily be extrapolated 

to design configurations where one pound of engine weight is equivalent to other amounts of 

airframe weight. For example, for a military jet-aircraft design configuration where one 

pound of engine weight is equal to 20 pounds of airframe weight, the resulting fuel-savings 

efficiency is doubled. This is illustrated subsequently.) 

The ratio of the cruise thrust to engine weight is typically on the order of about 1.25 

giving the example twin-engine business jet-aircraft a total cruise thrust of about" 

9 Very light alternators and generators can be made of magnesium, instead of aluminum. 
Magnesium frames and parts are lighter than aluminum, however its lightness does not come 
without a price. While magnesium alloys are sometimes used in the aviation industry (Lucas 
and Pollock, 1957), many individuals, airlines, and even engine manufacturers are increasingly 
leaning away from the use of magnesium toward the use of aluminum due to the severe 
corrosion problems and potential fire-hazard characteristics of magnesium. Very recent 
magnesium alloys (e.g., WE 43) may improve on this situation. 
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2 X 600 X 1.25 = 1,500 pounds. This gives a ratio of the drag coefficient Cd to lift 

coefficient C. (or more simply the ratio of drag/thrust to lift) of 1,500/15,000 = 0.10. The 

overall fuel flow in cruise is simply the thrust specific fuel consumption (TSFC) times the 

cruise thrust. Assuming a typical TSFC of 0.80 one obtains an overall cruise fuel consumption 

of 0.80 X 1,500 co 1,200 pounds per hour. 

The assumed weight of 55 pounds (engine weight due to the alternator) times 10 

(airframe- to engine-weight ratio) times 2 (2 engines) gives a total equivalent airframe weight 

reduction of 1,100 pounds. This equivalent airframe weight of 1,100 pounds requires 0.10 X 

1,100 ~ 110 pounds of cruise thrust. This represents a consumption of 0.80 X 110 ~ 88 

pounds of fuel per hour. 

The ratio of the 88 pounds of fuel per hour to the overall fuel consumption of 1,200 

pounds of fuel per hour represents a fuel savings of about 88/ 1,200 co 7.33%. For a 

high-performance military jet where I pound of engine weight is considered equivalent to 20 

pounds of airframe weight, the fuel savings would be 2 X 7.33 = 14.66%, following the 

same reasoning illustrated in the preceding. These figures represent only the fuel saving 

associated with the reduced engine weight due to the elimination of the alternators. 

There is also a fuel savings associated with the fact that for the photovoltaic 

power-generating system the main drive shaft of the engine no longer needs to mechanically 

drive an alternator. This may be estimated from first principles by considering that a pound 

of gas-turbine fuel contains about 18,000 Btu of energy (a typical value). One Btu equals 

approximately 1,055 joules (watt-sec). For each pound of fuel burned, 18,000 X 1,055 ~ 1.9 

X 107 joules of energy are liberated. This corresponds to 1.9 X 107 watts in a time interval 

of one second (or 5,278 watt-hours). 

A brief discussion of some of the different types of efficiencies discussed in the 

aviation literature is appropriate here. The conversion of the potential energy stored in the 
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fuel (the 18,000 Btu/lbfue1) to kinetic energy determines thermal or internal efficiency. 

Typical thermal efficiencies range from about 20 to 30 percent (Treager, 1979, p. 107) with 

a large percentage of the heat energy lost to the atmosphere through the jet-engine exhaust 

nozzle. The conversion of this kinetic energy to propulsive work determines the propulsive 

or external efficiency of the jet engine. 

As already mentioned, it is known that a 60,000 watt generator with overload 

protection puts a mechanical demand on a jet engine equivalent to approximately 

240 horsepower (McKinley and Bent, 1971, p. 200). Since 60,000 watts is equivalent to about 

80.5 horsepower (746 watts F:;S 1 hp), this indicates the efficiency of electrical output to 

mechanical input to be 80.5/240 = output/input F:;S 33.5 percent. However, as stated in the 

preceding, the thermal efficiency of a gas-turbine engine from the potential energy stored in 

the fuel to the kinetic energy/mechanical output of the engine is approximately 20 to 30 

percent. Hence, the overall efficiency from the potential energy stored in the fuel (18,000 

Btu/lbfue1) to the electrical-power output of the conventional (electromechanical) generator 

is in the neighborhood between 0.20 X 33.5% 0= 6.7% to 0.30 X 33.5%::: 10.1%. 

Now assume that one-half the 15,000 watts of available output is used on the average 

and that the overall efficiency of the system from the fuel input to the electrical output 

(as just found) is from 6.7% to 10.1%. These factors of 0.067 and 0.101 are the ratios of 

electrical-power output to fuel energy supplied to the engine. (The 0.067 and 0.101 factors 

are not the ratio of electrical-power output to work taken from the engine shaft.) The fuel 

burned is then: 

(0.5) (15,000 watts) (3,600 sec/hr) 
Fuel consumed = ---------------

(0.067 to 0.101) (1.9 X 107 watt-sec/lbcue1) 

= 14.1 to 21.2 lb/hr. 
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The ratio of 14.1 to 21.2 pounds of fuel per hour to the overall fuel consumption of 

600 pounds of fuel per hour per engine gives 2.4% to 3.5% additional fuel savings due 

essentially to the elimination of the mechanical loading on the engine. This gives the total 

fuel savings for the business jet as 7.33% + (2.4% to 3.5%) == 9.7% to 10.8%. The total fuel 

savings for the military aircraft is 14.66% + (2.4% to 3.5%) -= 17.1% to 18.2%. These figures 

are most impressive, particularly since the assumptions used in calculating them are 

conservative. 

Applying the preceding calculations to a large commercial or transport jet, the 

following assumptions are made. Consider a four-engine jet aircraft with an average cruise 

weight of 550,000 pounds. Assume a typical large jet engine weighing about 8,000 pounds 

(including the alternator and associated equipments). A 60,000 watt alternator is used on each 

of the 4 engines. Each of these alternators is assumed to weigh about 300 pounds and an 

additional 200 pounds is associated with the equipments discussed in Chapter 1. 

In a similar manner to the preceding analysis for a business jet, assume the ratio of 

the cruise thrust to engine weight is about 1.25 giving the four-engine commercial jet-aircraft 

a total cruise thrust of about 4 X 8,000 X 1.25 ::: 40,000 pounds. This gives a ratio of the drag 

coefficient Cd to lift coefficient C1 (or more simply the ratio of drag/thrust to lift) of 

40,000/550,000 = 0.073. The overall fuel flow in cruise is simply the thrust specific fuel 

consumption (TSFC) times the cruise thrust. Assuming a typical TSFC for large engines of 

0.60 one obtains an overall cruise fuel consumption of 0.60 X 40,000 = 24,000 pounds per 

hour. 

The assumed weight of 500 pounds (associated engine weight due to the alternator and 

items mentioned in Chapter 1) times 15 (airframe to engine weight ratio) times 4 (4 engines) 

gives a total equivalent airframe weight reduction of 30,000 pounds. This equivalent 
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airframe weight of 30,000 pounds requires 0.073 X 30,000 RJ 2,190 pounds of cruise thrust. 

This represents a consumption of 0.60 X 2,190 RJ 1,314 pounds of fuel per hour. 

The ratio of the 1,314 pounds of fuel per hour to the overall fuel consumption of 

24,000 pounds of fuel per hour represents a fuel savings of about 1,314/24,000 = 5.48%. The 

contribution of fuel savings due to the alternator mechanical loading of the engine may be 

calculated in a similar manner to the business-jet calculations to be from 1.1% to 1.7%. This 

gives an estimated total fuel savings for the large commercial jet of 5.48% + (1.1% to 1.7%) 

= 6.6% to 7.2%. 

These calculations bring out some important observations. It is noticed that the 

assumptions made for the large commercial (or transport) jet aircraft-while realistic--are 

not as conservative as those made for the business (or military fighter) jet aircraft. Based on 

the preceding model and calculations, the aircraft most likely to achieve the greatest increases 

in fuel efficiency and performance would be (in order) military (fighter/high-performance) 

aircraft, business jet aircraft, small commercial jet aircraft, and then on to larger and larger 

commercial aircraft (and military transport aircraft). 

This listing is not absolute, as it depends on many variables one of which is the 

aircraft designer'S selection of the 8 to 20 ratio of airframe weight to engine weight. Aircraft 

designer's like to keep this ratio as high as possible, particularly where human life and safety 

are involved, as in large commercial aircraft. In general, since the larger aircraft consume 

large amounts of fuel, the resulting fuel savings for the larger aircraft are certainly very 

significant. 

Some general conclusions may be drawn. First, because of the rigorous flight profile 

of the military jet, the design criteria for the military jet will generally be such as to employ 

high airframe to engine weight ratios, hence the advantages of the photovoltaic 

power-generating system may be more prominent. Secondly, as jet aircraft get smaller, the 



68 

proportional ratio of weight of the electrical power-generating system (alternators/generators) 

to the weight of the jet engine typically gets larger. Fifty five (55) pounds (alternator weight 

in the business or military aircraft) is a much higher percentage of 600 pounds (engine 

weight) than is 500 pounds (associated alternator weight in large commercial aircraft) a 

percentage of 8,000 pounds (engine weight). (This can easily be seen in the preceding 

calculations.) 

A rough figure-of-merit for performance increases is not as easily defined as those 

for fuel savings. It is beyond the scope of this dissertation to calculate the related 

performance increases of the aircrafts discussed. However, anytime the weight of a jet 

aircraft is significantly reduced without reducing engine performance and/or thrust, it is 

obvious that overall aircraft performance has increased by a rough figure-of-merit equivalent 

to those stated for fuel savings. 

Another way of giving a measure of what the photovoltaic system can do is by a pure 

payload approach. If the photo voltaic power-generating system saves 110 pounds of engine 

weight on a business (or military) aircraft, and it is estimated that one pound of engine weight 

is equivalent to 10 pounds of airframe weight, then this 110 pounds of engine weight is 

equivalent to 1,100 pounds of airframe weight. Assuming each passenger weighs 200 pounds, 

this is equivalent to around 5 passengers. Since such planes typically carry 10 or fewer 

passengers, these 5 passengers represent a large percentage of the overall total. This analysis 

does not account for the additions and/or reinforcements needed within the airframe to 

support the additional passengers. Nevertheless, the increased payload capability expected is 

indeed very significant. 
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Low Combustor Reference velocities 

There is another physical approach to the use of the photovoltaic power-generating 

system. This physical approach involves some major engine modifications and will not 

happen overnight. The initial use of PPG systems will be retrofitted into existing jet engines 

with relatively simple and straightforward modifications. However, as this concept acquires 

acceptance, workers in the field will desire maximum photovoltaic-cell performance coupled 

with maximum engine performance. It is in the long term that the following physical 

approach will be considered. 

Let's assume for a particular business (or military) aircraft the two engines each weigh 

600 pounds (including the alternator). If the alternator is eliminated and replaced with the 

photovoltaic power-generating system, at least SS pounds of engine weight can be eliminated. 

Let's modify the engine not only to include the photovoltaic system but to also rebuild the 

engine casing and associated structure to lower the engine's combustor reference velocity 

(i.e., put S5 pounds back into the engine structure to lower the engine's combustor reference 

velocity). 

To appreciate why low combustor reference velocities are desirable, a fundamental 

understanding of combustor pressure drop is necessary. As is well known from the 

gas-turbine literature, the pressure drop of a gas-turbine engine is proportional to the 

combustor reference-velocity squared. The pressure drop (or loss) across a combustion 

chamber is a measure of the resistance to airflow between one side of the combustor and the 

other. It is effectively a measure of the flow resistance introduced into the airstream between 

the compressor outlet and turbine inlet. Obviously the larger the open-hole area of a 

combustor, the less the resistance to the airflow and hence less power is required to pump air 

through the engine. As is also well known from the gas-turbine literature, the open-hole area 
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of a combustor is an inverse function of the combustor reference velocity. This means that 

if the combustor reference velocity were halved, the open-hole area would approximately 

double. 

Pressure loss is to some extent necessary to promote turbulence inside the combustor 

for good combustion in high reference-velocity combustors. In low reference-velocity 

combustors the increased cross-sectional area of the combustor allows a greater residence time 

of the reactants inside the combustor. This promotes good combustion even with very low 

combustor reference velocities. 

Pressure loss is a major problem and affects both fuel consumption and power output. 

Combustor pressure loss has about the same effect on a gas-turbine engine as does a decrease 

in engine compressor efficiency, i.e., both result in lower power output and higher specific 

fuel consumption. As a rough rule-of -thumb, a pressure loss of one percent results in a loss 

of about one percent in engine output power and a one percent increase in specific fuel 

consumption, depending upon the engine cycle. 

Combustor pressure loss affects both the size and weight of a gas-turbine engine. 

While a small amount of weight is added to an engine to reduce combustor reference velocity 

and thus lower pressure drop, the resulting reduced pressure drop both decreases fuel 

consumption and increases the power output of the engine. Hence, to some extent, these are 

compemating features, i.e., some weight is added to the engine, but power and fuel efficiency 

is increased which tends to offset the small increase in weight. 

One excellent approach to lowering the combustor reference velocity on an 

axial-compressor engine (the most common type in jet aircraft) is to design the compressor 

such that the flow coefficient of each stage is gradually reduced, particularly in the later 

stages of the compressor. The flow coefficient is merely the ratio of airflow axial velocity to 

blade tip speed. To allow a small frontal area, the first stage of an axial compressor will 
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typically have a relatively large flow coefficient (Sorensen, 1951, p. 246). The flow 

coefficient can then be progressively decreased (Sorensen, 1951, p. 246) as the airflow passes 

through the compressor. The net result is to lower the flow velocity of the air at the exit of 

the compressor, thus reducing leaving losses and correspondingly reducing the combustor 

reference velocity. Normally this will involve some increase in the flow annulus area, in the 

later stages of the compressor, to accommodate the lower flow velocities. 

Typically such an engine will have an extra one-to-three stages compared to the 

higher (combustor) reference-velocity engine. Lowering the combustor reference velocity is 

a matter of degree; the number of stages added will depend on how much the reference 

velocity needs to be lowered. These additional stages are typically lightly loaded and very 

efficient. In general, for gas-turbine compressors, light stage loading is synonymous with 

high stage efficiencies. While beyond the scope of this dissertation, it can be shown that, by 

the addition of a few compressor stages, the airflow can be reduced in velocity and the 

efficiency of this process is in fact considerably greater than that of the fundamental 

diffusion process itself. (Gas turbines typically employ a diffuser between the compressor 

and combustor.) Because the added stages are toward the aft end of the compressor, the 

weight penalty to the engine is minimum. For example, on a representative 4,000 pound 

(takeoff) thrust business-jet engine where three additional compressor stages have been 

added, the total weight added to the engine will typically run about 30 pounds. 

Lowering the combustor reference velocity increases the cross-sectional area of the 

engine in the general region of the combustors--specifically to accommodate the same amount 

of air with lower flow velocities. The larger cross-sectional area of the engine adds weight 

to the engine because additional structure is needed mainly in the centerframe region of the 

engine. Since the business jet considered saved about 55 pounds by using the photovoltaic 

power-generating system, 55 minus the preceding 30 pounds leaves 25 pounds. If this 
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2S pounds is added to provide the additional centerframe structure needed for a low 

combustor reference velocity, the resulting engine weight would be the same as the original 

jet engine with it's SS pound alternator. However, the result is a low combustor 

reference-velocity engine with the photovoltaic power-generating system incorporated and 

all the ensuing advantages of an engine with a low combustor reference velocity. 

The increase in (combustor) cross-sectional area of low reference-velocity combustors 

is not objectionable in the majority of aircraft engines. Engine aerodynamic drag is a 

function of the largest external cross-sectional area of the engine. On most modern engines 

the combustors are located near the narrowest-diameter "waist" of the engine, i.e., the frontal 

core frame of existing engine compressors is typically considerably larger than the 

centerframe "waist" of the engines. Examples illustrating this are the General Electric CF-6, 

the Pratt and Whitney JT-9D, the Rolls Royce RB-211--all Boeing 747 engines. 

As the reference velocity of a combustion chamber decreases, the combustion 

intensity, the rate of heat release per unit volume per unit pressure within the combustor, 

decreases. For engineers who think bigger is better, a low combustion intensity may sound 

undesirable. However, in general, a low combustion intensity is very desirable. 

There are several excellent books and papers that summarize the advantages of low 

combustor reference velocities (and the resulting low combustion intensities) very nicely. 

Grobman et aI, 1971, p. 98 states "Figure IV -1 (Grobman ct aI, 1971 p. 98) shows that there 

has been no significant increase in reference velocity with time. This is probably due to the 

fact that combustor pressure drop is a function of reference velocity squared and in order to 

maintain good specific fuel consumption and cycle efficiencies, pressure drop has not been 

permitted to increase." Shepherd, 1972, p. 62 states "Lower values of these combustion 

intensities are very desirable as they are easier to realize and result in less arduous conditions 

for the combustor to withstand." Cohen et aI, 1972, p. 173 states "Enough has been said for 
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the reader to appreciate that the larger the volume (combustion space) which can be provided 

the easier it will be to achieve a low pressure drop, high efficiency, good outlet-temperature 

distribution, and satisfactory stability characteristics." Later in the book Cohen et ai, 1972, 

p. 174 states "Certainly the lower the value of the combustion intensity the easier it is to 

design a combustion system which will meet all the desired requirements." Hawthorne and 

Olson, 1960, p. 303 relates an increase in combustor reference velocity to a deterioration of 

combustor performance similar to that caused by a decrease in combustor inlet-air pressure 

and temperature. Other authors (Childs et ai, 1947; Childs, 1950; Norgren and Childs, 1953; 

Sorensen, 1951) correlate improved combustor performance to low combustor reference 

velocities. The advantages of low combustor reference velocities were known many years ago, 

as the dates of some of these publications indicate. While this literature and its followers are 

both prolific and popular, these teachings are not necessarily absolutely concrete and/or 

without controversy-a discussion of which is beyond the scope of this dissertation. 

An important requirement of jet airplanes is that they must operate well at both very 

high altitudes and at low altitudes (sea level). Low combustor reference velocities enhance 

this ability. Lift engines (e.g., he!icopters) which do not have to operate under such wide 

latitude extremes typically use higher reference velocities, as a means of saving engine weight. 

The pressure losses on most existing aircraft gas-turbine engines run from about 

4 to 10 percent. By lowering the combustor reference velocity by a factor of 2, the combustor 

pressure drop is reduced by a factor of about 4 and the open-hole of the combustor is 

approximately doubled. Obviously, the increased open-hole area is desirable for the 

photo voltaic power-generating system. If the pressure loss on a representative engine were 

8 percent and the combustor reference velocity were halved, then the resulting gas-turbine 

engine would have a pressure loss of about 2 percent. In very general terms, this represents 

a decrease in specific fuel consumption of around 6 percent. This was estimated by using the 
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preceding rule-of-thumb given where a one percent pressure loss equates approximately to 

a one percent increment in specific fuel consumption. These simple calculations again provide 

a rough order-of-magnitude measure of what the photo voltaic power-generating system can 

provide. 

What has been discussed in this section is essentially a very brief overview of what was 

given in considerable detail in Doellner, 1983. The significance of weight is so great on jet 

engines, that the aircraft industry has typically employed relatively high combustor 

reference-velocity engines. However. the aircraft industry has also spent millions of dollars 

researching ways to obtain the advantages of low combustor reference velocities (well known 

in industrial gas turbines), without the weight penalties associated with these engines. 

In summary, photovoltaic power-generating systems could be employed with aircraft 

jet engines having low combustor reference velocities with no increase in weight over 

conventional engines with their alternators. Such systems will integrate into existing aircraft 

very nicely, since the overall weight of the powerplant has not changed. Design integration 

is therefore greatly simplified. Normally, if the weight of the engine changes, the design of 

the aircraft significantly changes-for optimally-designed aircraft. 

Attachment of PPG 

In general engine operation, the PPG structure acts as a thermal energy sink, absorbing 

convectively-coupled heat internal to the engine and dissipating radiant unused absorbed 

energy incident on the photovoltaic cells. After engine shutdown, the centerframe (PPG) 

must absorb heat conducted from the adjacent engine structure and heat coupled from the hot 

air internal to the engine. On the outside of the centerframe, heat is lost by convective 

coupling to the relatively cool external air and by radiation to the relatively cool surroundings. 
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There are basically two methods of attaching the PPG structure to the engine proper. 

One method uses thermally-insulating gaskets between the two structures, i.e., the modified 

centerframe (PPG) and the structure of the engine proper on each side of the centerframe. 

Fiberglass-like materials made from silicon dioxide glass fibers are preferred as a gasket 

material compared to hazardous asbestos. The fibers are frequently embedded in a silicone 

(or other) matrix. This gasket need not be much thicker than the gasket used, for example, 

on the boroscope inspection ports of the General Electric J-85 engine. 

The thermal expansion of the metals adjacent to the centerframe structure should 

preferably be less than the thermal expansion of the centerframe metal. This is because the 

centerframe, by design, is limited in temperature. The surrounding engine-proper structure 

attains their normal operating temperatures, as much as 1,200° F on existing 

high-performance engines. The resulting difference in expansion may thus be designed to 

be small. 

Aluminum centerframe structures need have no threaded flanges or parts; all threading 

would be in the adjacent more-durable steel or nickel-alloy structures. The aluminum 

structure could use oversized holes with cylindrical thermally-insulating sleeves to provide 

the necessary thermal insulation between the engine proper and the PPG structure. 

An alternative to gaskets is the use of engine-bleed air to cool the portion of the metal 

engine-casing structure just before and after the PPG structure. The use of gaskets is much 

preferred-however there are applications where the use of engine bleed air could be 

justified. An example is where engine bleed air is needed for use external to the engine 

(e.g., some pneumatic system); the bleed air is used for PPG cooling before being used by the 

external pneumatic system. 
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Closing Note 

It must be remembered that most of this dissertation, in general, applies to PPGs using 

direct fuel cooling. Indirect fuel-cooling (p. 134) and air-cooling (Doellner, 1979) methods 

are also extremely attractive. The double-walled plenum discussed in the preceding is unique 

to PPGs employing direct or indirect fuel cooling. PPGs using air cooling employ a 

single-walled plenum, as do conventional jet engines. 

If one looks at the photovoltaic power-generating system objectively-not 

preconditioned by existing designs--and compares it with existing electromechanical 

power-generating systems (alternators and generators), then it can only be concluded that the 

solid-state reliability, aircraft performance increases, fuel- and weight-saving advantages of 

the photo voltaic system far exceeds those of existing systems. 

As an example, consider two exactly identical aerobatic or fighter planes,10 

planes where aircraft performance is paramount. The planes are identical with the exception 

that one plane has the photovoltaic power-generating system and the other plane has the 

conventional electromechanical power-generating system. The aircraft with the photovoltaic 

power-generating system would significantly outperform the other plane in virtually all 

respects. This simple and obvious example elucidates that this aircraft photovoltaic 

power-generating system seems very promising. 

10 The choice of aerobatic and/or fighter planes is simply because in these particular 
types of planes overall aircraft performance (including fuel efficiency) is critical. In business 
and/or commercial aircraft, fuel savings would be the more dominating consideration. 
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CHAPTER 4 

THERMAL ANALYSIS 

The previous chapter described the PPG structure in some detail. This chapter now 

discusses thermal aspects of the PPG structure and compares this with the conventional 

centerframe structures of standard jet engines. It begins the thermal analysis by discussing 

fundamental thermal aspects and then proceeds to more rigorous calculations later in the 

chapter. 

Before proceeding with the thermal calculations, some typical parameters and values 

(to be later used in the thermal analysis) are obtained and discussed. 

Parameters Used in the Thermal Analysis 

The thermal conductivity of pure aluminum is about 128 Btu/hr-ft-OF depending on 

temperature. (128 Btu/hr-ft-oF = 1,536 Btu-in/hr-ft2-OF; a factor of 12.) For aluminum 

alloys the thermal conductivity runs about 118 Btu/hr-ft-oF. Alloying has the effect of 

reducing thermal conductivity in aluminum. Typical wrought aluminums for aircraft 

applications include AA2014 (AA = Aluminum Association), AA2024, AA 7075, and lithium 

aluminum AA8090. AA2014 has the highest thermal conductivity, however, AA2024 and 

AA 7075 have superior strength at higher temperatures. Higher strengths enable thinner 

materials to be used; thinner materials have better thermal conductivity due to their thinness 

(the heat flow in a direction normal to the thin dimension). 
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For nickel alloys the thermal conductivity is about 7 Btu/hr-ft-of at room temperature 

and about 14 at high temperatures (e.g., 1,400° F; see Materials Engineering, 1986, p. 100-

107). Nickel alloys have good strength properties at high temperatures and high yield 

strengths. Most existing centerframes (plenums) are made of a nickel-base superalloy called 

Inconel 718. 

Titanium alloys have fairly low thermal conductivities of about 4 Btu/hr-ft-OF at 

room temperature (Materials Engineering, 1986, p. 11 0-111). Several titanium alloys have 

good strength properties at high temperatures and high yield strengths. 

The thermal conductivity of sapphire is approximately 20 Btu/hr-ft-DF at 100° F, 

about 14 Btu/hr-ft-oF at 300° F, and about 10 Btu/hr- ft-OF at 1,0000 F (Weast, 1975-76, 

p. E-5; Gray, 1972, p. 4-144). It is of note that over the temperature range of interest to this 

project that sapphire's thermal conductivity decreases with increasing temperature while that 

of the metal alloys (and also air) increase with increasing temperature. The sapphire is located 

in the upper region of the longitudinal rib structures where temperatures are high-the 

decreased thermal conductivity (increased thermal resistance) of the sapphire at high 

temperatures can be desirable in this project as will be shown. The ratio of knluminum/koapphire 

is about 6 to 8 depending on temperature. 

The thermal conductivity of air is about 0.0154 Btu/hr-ft-OF at 100° F, 0.0174 

Btu/hr-ft-oF at 2000 F, and 0.0268 Btu/hr-ft-oF at 7000 F (Kreith, 1973, p. 636). The 

thermal conductivity of air is affected only slightly by changes in pressure (Pitts and Sissom, 

1977, p. 304). Air may be considered to be a relatively good insulator compared to either 

sapphire or the metal alloys discussed above. As an example, the ratio of kanpphirc/knir is 

about 500 to 1, 100 depending on temperature; the ratio of knluminum/knir is about 7,000 at 

room temperature. 
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In some respects aluminum is a good material for the inner plenum of the PPG 

structure. Aluminum has excellent thermal conductivity, a desirable property for the base of 

the inner plenum in a radial direction; (see p. 112)-while not necessarily a good property for 

the rib structures, as will be shown subsequently. As mentioned in Chapter 3, the yield 

strength of aluminum is approximately 5 times the strength of hot-rolled structural steel for 

the same weight of material (Brady, 1971, p. 44). Aluminum is easily machined and welded. 

Since casted materials do not have the structural strength of the wrought alloys, the 

construction of the PPG structure would preferably be with wrought alloys, as discussed in 

Chapter 3. 

If materials like aluminum or titanium are used for the centerframe inner/outer 

plenums, then a fail-safe system must be used--since these metal strengths severely 

deteriorate with temperature. A fail-safe system could be provided by using a fuel 

helical-feed manifold where the fuel is fed to the atomizers by a single channel following a 

helical path around the engine. This is as opposed to a parallel-channel system where fuel 

flow could plug in one of the channels without impeding overall fuel flow; however, the 

restricted channel could seriously overheat locally due to lack of fuel coolant in the channel. 

Since in the fail-safe system the fuel must pass through the fuel manifold to get to the 

atomizers, it is not possible for the engine to run without having sufficient fuel flowing in the 

manifold for cooling purposes. The flow of fuel is proportional to the thrust and loading of 

the engine and thus the cooling potential of the fuel is appropriately matched to its operating 

conditions. 

While aluminum centerframes represent a viable PPG structure material for this 

project (contrary to conventional engines), nickel or titanium alloys are also very attractive 

centerframe materials. As discussed in Chapter 3, the inner plenum generally needs not be 

thicker than about 0.015 to 0.030 inches, the main structural loads being carried by the outer 
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plenum. This tends to counteract the fact that these alloys are not good thermal conductors, 

a desirable property for the rib structures, but not necessarily a good property for the base 

area (specifically in a radial direction; see p. 126). Because the inner plenum needs only be 

on the order of 0.015 to 0.030 inch thick, this is not serious consideration (p. 126). 

A dove-tailed two-material approach could be used to alleviate this problem, as discussed 

later in this chapter. 

Calculation of Typical Convective Heat-Transfer Coefficients 

Since highest temperatures occur during the takeoff run, this condition witt be used 

to derive typical convective heat-transfer coefficients for typical engines used on both a 

business jet and a large commercial jet aircraft. 

For a high-performance business jet the temperature of the airflow internal to the 

engine at takeoff would run typically about 8000 F and the internal engine pressure about 

16 atmospheres (240 psia). This airflow could be either laminar or turbulent, depending on 

the geometry of the engine; however, a worst-case condition would be when the flow was 

turbulent, as this witt give the most severe and undesirable conditions of photovoltaic-cell 

temperatures. Using the method of Kreith (1973, Chapter 6) and the physical properties of 

air from both Kreith (1973) and Weast (1975-76, p. F-13), the Reynolds number is: 

tJoo Q L (250 ft/sec) (0.504) lbm/fts) (1 ft) 
N rc=---=-------------

2.22 X 10-6 lbm/ft-sec 
4.1 

= 5.68 X 106
, 



where: tloo = free-stream airflow velocity = 250 ft/sec, 

Q11 = fluid (air) density = p P (273.16)/T 

= (0.08072) (16.0) (273.16)/700 = 0.504 Ibm/ftS, 

p = density of air at 0° C and 1 atmosphere 

pc: pressure in atmospheres = 16.0 atm, 

T = absolute temperature of airflow c: 700 K, 

L = length dimension of system = 1 ft, 

IJ = absolute viscosity = 2.22 X 10-5 lbm/ft-sec, 

Npr = Prandtl number = 0.706, and 

k = fluid thermal conductivity = 0.029 Btu/hr-ft-°F, 

The average Nusselt number is: 

N = 0 036 N l/S N O.8 
nu' pr rc 

= (0.036) (0.891) (253,200) 

= 8,118, 

and the average internal convective heat-transfer coefficient becomes: 

(0.029 Btu/hr-ft-OF) 
hci = Nnu k/L = 8,118 --------

1ft 

11 Gray (1972, p. 3-68 to 3-69). 
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4.2 

4.3 
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For a high-performance large commercial jet the temperature of the airflow internal 

to the engine at takeoff would run typically about 1,150° F and the internal engine pressure 

about 30 atmospheres (440 psia). Again, this airflow could be either laminar or turbulent, 

depending on the geometry of the engine; however, a worst-case condition would be when 

the flow was turbulent, as this will give the most severe and undesirable conditions of 

photovoltaic-cell temperatures. Using the method of Kreith (1973, Chapter 6) and the 

physical properties of air from both Kreith (1973) and Weast (1975-76, p. F-13), the Reynolds 

number is: 

Nre =----= 

= 10.13 X 106, 

(300 ft/sec) (0.740) Ibm/fts) (1.2 ft) 

2.63 X 10-6 Ibm/ft-sec 

where: Voo = free-stream airflow velocity = 300 ft/sec, 

Q = fluid (air) density = p P (273.l6)/T 

= (0.08072) (30.0) (273.16)/894 = 0.740 Ibm/ftS, 

p = density of air at 0° C and 1 atmosphere 

P = pressure in atmospheres = 30.0 atm, 

T = absolute temperature of airflow = 894 K, 

L = length dimension of system = 1.2 ft, 

JJ = absolute viscosity = 2.63 X 10-6 Ibm/ft-sec, 

Npr = Prandtl number =: 0.720, and 

k = fluid thermal conductivity = 0.034 Btu/hr-ft-oF. 



The average Nusselt number is: 

N = 0 036 N 1/3 N O.8 
nu' pr re 

= (0.036) (0.896) (402,200) 

== 12,974, 

and the average internal convective heat-transfer coefficient becomes: 

hci = Nnu k/L == 12,974 
(0.03440 Btu/hr-ft-OF) 

1.2 ft 
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It is important to remember that h is roughly a function of engine pressure to the 0.8th 

power scaled by changes in the properties of air as they are affected by temperature, per 

Colburn's equation in heat-transfer engineering, see Rohsenow and Hartnett, 1973, p. 7-32, 

and McAdam, 1954, p. 219. For example, for a business jet with an internal pressure of 

16 atmospheres on takeoff a typical convective heat-transfer coefficient is h = 235 

Btu/hr-ft2-OF as calculated in the preceding. For a large commercial jet aircraft with an 

internal pressure of 30 atmospheres on takeoff a typical convective heat-transfer coefficient 

is h = 368 Btu/hr-ft2-oF (as calculated). On a futuristic commercial jet aircraft where the 

internal pressure is 60 atmospheres on takeoff, one would expect a convective heat-transfer 

coefficient of about 650 Btu/hr-ft2-oF. 

In cruise, the temperature of the airflow internal to the business-jet engine is about 

700° F (1,160° R) at a pressure of about 6.0 atmospheres (88 psia). The constants needed to 

compute the average internal convective heat-transfer coefficient at cruise are: 



tJoo = free-stream airflow velocity:: 250 ft/sec, 

Q :: fluid (air) density:: p P (273.16)/T 

= (0.08072) (6.0) (273.16)/644 = 0.2054 Ibm/frs, 

p :: density of air at 0° C and 1 atmosphere 

= 0.08072 Ibm/ftS, 

P :: pressure in atmospheres = 6.0 atm, 

T = absolute temperature of airflow = 644 K, 

L = length dimension of system:: 1ft, 

JJ = absolute viscosity:: 2.18 X 10-6 Ibm/ft-sec, 

Npr = Prandtl number:: 0.704, and 

k :: fluid thermal conductivity:: 0.027 Btu/hr-ft-oF. 
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The average internal convective heat-transfer coefficient is calculated in a similar manner as 

the takeoff case to be: 

Similar calculations with appropriate values give the convective heat-transfer 

coefficient for a large commercial jet aircraft at cruise: 

tJoo :: free-stream airflow velocity:: 300 ft/sec, 

Q = fluid (air) density:: p P (273.16)/T 

= (0.08072) (9.0) (273.16)/700:: 0.2835 Ibm/ftS
, 

p = density of air at 0° C and I atmosphere 

:: 0.08072 Ibm/ftS, 

P = pressure in atmospheres:: 9.0 atm, 



Giving: 

T == absolute temperature of airflow == 700 K, 

L == length dimension of system == 1.2 ft, 

JI == absolute viscosity = 2.30 X 10-6 Ibm/ft-sec, 

Npr == Prandtl number == 0.704, and 

k == fluid thermal conductivity == 0.029 Btu/hr-ft-oF. 

These values will be used later in this dissertation. 
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In general, when engine compression ratios are raised increasing engine internal 

pressure and thus h inside the engine, fuel pressures and delivery rates increase thus raising 

h in the fuel manifold. However, convective heat-transfer coefficients in the fuel manifold 

larger than about 1,400 Btu/hr-ft2- of are not easily obtained. This is due to the fact that jet 

fuel is a light oil; the viscosity of oils is heavily dependent on temperature (as in automotive 

oils). The temperature of the fuel is highest near the wall of the fuel manifold; the resulting 

low viscosity near the wall results in a high annulus mass velocity effectively providing an 

insulating thermal barrier. The value of h == 1,400 Btu/hr-ft2-oF in the fuel manifold is easily 

calculated, however this value is well known by professionals in the gas-turbine industry as 

being typical for jet fuels for well-developed turbulent flow in pipes and ducts. 
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Figure 4.1 Convective Thermal/Electrical Circuit 

Fundamental Convective Thermal Analysis; Limit-Case Analysis 

A simplified thermal model of the centerframe structure is shown in Figure 4.1. In 

the view shown it is seen that in its simplest form the PPG reduces to an assembly comprised 

of essentially two composite structures, a wide-range variable thermal-resistive assembly 

(the composite sapphire-window/airgap assembly Rw) over a fixed low-thermal-resistive 

material-the thermal resistance Rip of the inner plenum. 

The variable wide-range thermal-resistive assembly is considered variable in theory 

over an infinitely broad range. In a practical sense the thermal resistance Rw of the composite 

sapphire-window/airgap assembly can be design-controlled to a large degree: by varying the 

thickness of the airgap from the photovoltaic cells to the sapphire window, by the type of 

material used for the longitudinal rib structures, and by the wall thickness of the rib 

structures. 
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Figure 4.2 Simplified Convective Thermal/Electrical Circuit 

The inside of the engine is convectively coupled to the internal airstream. This is 

represented by the resistance Rei in Figure 4.1 (a and/or b). External to the engine casing wall 

is the fuel manifold and convective coupling is to the fuel. This is represented by the 

resistance Ree in Figure 4.1 (a and/or b). Since Rip is generally small compared to Ree. 

Figure 4.1(b) applies under the majority of circumstances. [The main exception to this is 

when hee is large-making Ree small-while Rip is large. because of the use of (thick) 

high-resistance inner-plenum materials like titanium or nickel alloy.] 
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Limit No.1 

Consider the limiting case where thermal resistance Rw is zero in Figure 4.1. 

Theoretically this limiting case can be approached when there is a small airgap, thick low 

thermal-resistance rib structures, and a window material of very low thermal resistance. 

Since this entire structure is effectively thermally-tied together, it will be at a single 

temperature (isothermal) and there need be no consideration of the effects of natural 

convection in the airgap. 

Under these conditions the equivalent circuit reduces to that shown in Figure 4.2(a). 

This drawing is obviously simplified in that it includes convective effects only. If the internal 

convective heat-transfer coefficient hei = 700 Btu/hr-ft2-OF inside the engine and hee = 1,400 

Btu/hr-ft2-OF in the fuel manifold then the temperature of the photovoltaic cells will be 

above the temperature of the fuel by exactly 1/3 the difference between the temperature of 

the internal airstream and the temperature of the fuel in the manifold. This is because the 

thermal resistance Ree is exactly 1/3 the thermal resistance of Reo + Rei' 

As an example, for a large commercial jet where the internal airstream is 1,200° F on 

takeoff and the fuel temperature is 70° F, the photovoltaic-cell temperature will be above the 

temperature of the fuel by [Ree/(Ree + Rei)] X (Tj - To) = 1/3 [1,200° F - 70° F] = 377° F, 

i.e., the photovoltaic-cell temperature will be [377° F + 70° F] = 447° F. This represents a 

limit in that it is the lowest temperature the photovoltaic cells can reach with the heat-transfer 

coefficients given, and ignoring radiant-energy heat loads on the window /airgap assembly 

(Qw = 0) and the photo voltaic cells (Qpv = 0). 

In Appendix B calculator programs are given. These programs are derived from 

equations obtained and discussed later in this dissertation. The programs are convenient in 

that it is merely necessary to enter in the values: 



= 1/100 = 0.00143 hr/Btu-OF, 

Ro 0:: Reo c l/hce -= 1/1,400 -= 0.000714 hr/Btu-OF, 

T j == 1,200° F = 1,659.67° R, 

To = 70° F = 529.67° R, 

Rw = 0, 

Qpv = 0, 

and the desired quantities are found: 

Program No.1: Qc = 527,333 Btu/hr, 

Program No.2: T pv = 446.7° F = 906.3° R, 

Program No.3: T VI = 446.7° F = 906.3° R. 
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The reason for introducing these programs early in this chapter is to show their utility. 

When these programs are properly used,lS without exception, the programs (and the 

equations from which the programs are derived) give the exact values for the parameters 

needed to be determined. 

As will be subsequently discussed in detail, Qc is the convective heat flow from the 

internal airstream to the sapphire window and can be very large as the preceding limit-case 

condition illustrates. The photovoltaic-cell temperature is simply this heat flow 

12 Normally thermal resistance R = 1/(hcj)(A). In these calculations A = area = 1 ft2 for 
simplicity. 

IS See footnote on page 91. 
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(527,333 Btu/hr) times the thermal resistance Ree (0.000714 hr/Btu-OF) added to the external 

fuel temperature (70° F), that is: 

Tpv = (527,333 X 0.000714) + 70° F = 446.7° F = 906.3° R. 

Note that this simple calculation is simply an electrical analogue in the form of 

Ohm's law, where voltage is analogous to temperature, current is analogous to thermal heat 

flow, and electrical resistance is analogous to thermal resistance. This principle is used often 

in heat-transfer work. 

This brings up a very important point-that without the thermal resistance of the 

composite sapphire-window/airgap assembly the photovoltaic cells will be subjected to very 

high temperatures. 

Limit No.2 

Now consider Figure 4.1 and look at the other limiting-case condition. Consider the 

situation where thermal resistance Rw is infinite. This limiting case can be approached when 

there is a large airgap (large thermal resistance) and thin high-resistance rib structures. Under 

these conditions the temperature of the internal airstream exactly matches the temperature on 

top of resistance Rw and the equivalent circuit reduces to that shown in Figure 4.2(b). 

The photovoltaic-cell temperature equals that of the fuel in the manifold--a much more 

desirable situation than the results shown for Limit No.1. 

Again, using the convenient calculator programs in Appendix B and entering the 

values: 



Rei = l/hci = 1/700 = 0.00143 hr/Btu-OF, 

Ro RI Ree = l/hee == 1/1,400 = 0.000714 hr/Btu-OF, 

Ti = 1,200° F = 1,659.67° R, 

Te = 70° F = 529.67° R, 

Rw = 100,000 hr/Btu-OF,14 

and the desired quantities are found: 

Program No.1: Qe = 0 Btu/hr, 

Program No.2: T pv = 70° F = 529.67° R, 

Program No.3: Tw = 1,200° F = 1,659.67° R. 

Summary of Limit-Case Analysis 
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Under real operating conditions photovoltaic-cell temperatures will run somewhere 

in between the two limiting conditions (Limit No.1 and Limit No.2) discussed. Obviously, 

the thermal resistance of the sapphire-window/airgap assembly cannot be zero, nor is it 

possible for this thermal resistance to be infinite. For this initial simplified model, the lowest 

photovoltaic-cell temperatures and highest sapphire-window temperatures are achieved when 

this thermal resistance is made as large as possible. 

14 A large value is selected to simulate infinite resistance. Care must be exercised to not 
make this value too large, as this would make some of the terms in the relevant equations 
indeterminate and possibly give incorrect results. 



92 

High sapphire-window temperatures are not necessarily undesirable. For example, 

a 1,200° F sapphire window (Limit No.2) radiates up to about 4 watts/cm2 (peaking at about 

3.1 pm) to the underlying photovoltaic cells. However, properly designed photo voltaic cells 

with a copper back electrode (back-surface reflector) reflect the majority of this energy to 

return and pass through the sapphire window back to the combustion flame. This would not 

be true for pyrex windows due to their limited spectral bandpass. Pyrex windows result-to 

an extent-in an effective greenhouse effect representing an additional heat load that the fuel 

cooling needs to accommodate. More on this is discussed later in this chapter; however, as 

illustrated in the preceding, limit-case analyses are an excellent means of providing physical 

insight. 

Possibility of NatUral Convective Effects in Airgap 

Each pair of rib structures, including the space between the rib structures, may be 

called a track (in simple analogy to rails and railroad tracks). Within the airgap of this track 

there is a possibility of natural convection due to the difference in temperature between the 

sapphire windows and the photovoltaic cells at the base of each track. This natural convection 

may be expected to be strong when g-forces on the aircraft are large, when there are large 

air pressures within the airgap, and when plate spacings are large. Fortunately, the spacing 

from the sapphire window to photovoltaic cell will typically be around 0.020 inches, this 

distance need only be as much so to provide space for the interconnections and to provide a 

reasonable thermal resistance Rw for the sapphire-window/airgap assembly. 

This natural convection is fairly complex; for example on a fighter plane there are 

g-forces (e.g., 9 g's) much stronger than that of earth gravity. These g-forces will affect this 

natural convection in much the same way earth gravity does. For example, what is up or 

down will not be influenced so much by gravity as by the g-forces the plane is subjected to. 
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To illustrate. consider two flat equal-area plates. with one plate at 160° F and the 

other at 1.200° F. As a simple model one may think of these two plates as the sapphire 

window for one plate. and the substrate holding the photovoltaic cells for the other. The 

boundaries of this structure are the longitudinal rib structure and the end sections (head and 

tail) to the above plates. If the 1.200° F plate is physically over the 160° F plate there will be 

very little natural convection in the inbetween space. However. if the 160° F plate is over the 

1.200° F plate. warm air will raise from the 1.200° F plate causing convection currents. 

If the two plates are placed vertically. side by side. then a different problem exists. 

Here air currents rise over the entire vertical length of the warmer plate. and flow down the 

side of the cooler plate. This latter condition could be met. for example. when the aircraft 

was accelerating at say 5 g's causing the force of gravity to be exerted in the aircraft·s axial 

direction. 

This natural convection (assuming for the moment that it exists) will obviously be a 

function of location within the PPG structure. for example it will be more prominent in 

regions where the warmer surface is on the bottom-this is obviously a function of the 

attitude and g-forces acting on the aircraft. The current in each series string will be limited 

by the region of each series string experiencing the higher temperatures resulting from this 

natural convection. Ideally. this effect (if it exists) will not be enough to degrade the 

performance of this system. 

It is needed to show in a worst-case analysis that natural convection in the airgap is 

negligible and that heat transfer in the airgap may be considered to be by pure conduction. 

The air temperature in the airgap may be considered to be midway between the temperature 

of the sapphire plate and that of the underlying photovoltaic cells-which will be at a 

temperature very close to that of the fuel. On a high-performance large commercial jet 

engine the sapphire window under assumed worst-case theoretical conditions (Limit No.2: 
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infinite thermal-resistance Rw) would run about 1,2000 F on takeoff. Assuming the highest 

worst-case fuel temperature to be 1600 F, the mean air temperature in the airgap would be 

6800 F. This acts as a thermal potential which could act through a thermal resistance 

determined by the natural convection in the airgap. 

It can be shown in heat-transfer engineering that if the Grashof number is less than 

2,000 in the airgap between two plates, then there is virtually no natural convection in the 

airgap and only pure thermal conduction between the two plates (sapphire windows and 

photovoltaic cells). To determine the Grashof number, an expression for the Grashof number 

is found in terms of a factor "a" as: 

a bS AT 
Ngr=--

Npr 

g {J Q2 Cp 
where a = ----

b = plate spacing, 

AT = difference in temperatures of plates, 

Npr ::: fluid (air) Prandtl number, 

g = acceleration of gravity (or "g" forces), 

{J = fluid thermal coefficient of volume expansion, 

Q = fluid density, 

Cp = fluid specific gravity at constant pressure, 

#1 = fluid absolute viscosity, and 

k = fluid thermal conductivity. 

4.4 

4.5 
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For business and commercial aircraft the acceleration of gravity may be assumed to 

be g = 32.2 ft/sec2• All other parameters in the equation for "a" are dependent only on 

properties of the fluid-the air within the airgap. The fluid density Q is a function of 

pressure through the ideal gas equation of state, i.e., Q c P/RT. To accommodate future very 

high-compression engines a worst-case internal engine pressure of 90 atmospheres is assumed. 

All other parameters in the expression for "a" are mainly functions only of temperature and 

may be found from tables in Kreith, 1973. p. 636. Assuming the temperature in the airgap 

to be halfway between that of the upper and lower plates under worst-case conditions.I6 

a temperature of T = (1/2) [1,400 - 160] + 160 ~ 8000 F is assumed. 

Using the convenient method of Sucec, 1975, p. 472: 

a= 

= 0.0346 X 106 (90)2 

= 2.8 X 108 

Ngr=--
Npf 

= 1,854 

16 Assume Ti = 1,4000 F for future engine. 

4.5 

4.4 
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In obtaining this result the plate spacing was assumed to be 0.020 inches = 0.00166 ft 

because the sapphire window to photovoltaic-cell spacing will typically be on the order of this 

dimension. The Prandtl number for air at 8000 F is about 0.7. The temperature difference 

between the two plates, AT, is assumed to be 1,0000 F. Since the Grashof number found 

under the worst-case assumptions made is less than 2,000, it is concluded with a high 

confidence level that there is no natural convection effects in the airgap and the process 

between the plates is one of pure thermal conduction (for business and commercial aircraft 

where "g" may be considered to be approximately 32.2 ft/sec2).16 

For military jet aircraft during high "g" maneuvers (e.g., 9 "g's") the Grashof number 

does exceed 2,000 under the worst-case assumptions assumed in the preceding. Such 

maneuvers are transitory in nature and are accommodated by maximum-thrust operating 

conditions where flame radiation is abundant. Additionally, there are ways of easily 

designing around this situation-if needed. For example, by halving the sapphire window to 

photovoltaic-cell spacing (Le., changing the 0.020 inch spacing to 0.010 inch) the aircraft may 

be operated at 8 "g's" and obtain the same Grashof number of 1,854 found in the preceding 

(Grashof number is a function of plate spacing to the third power). 

16 That is the accelerations on the aircraft are mainly due to gravity and are not due to 
strong aircraft accelerations, as for example in fighter aircraft. 
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Fundamental Calculations: Radiant-Energy Heat Transfer 

Consider two concentric cylinders (or spheres) with surface 2 on the outside and 

surface 1 on the inside. Surface 2 is able to (partially) see itself while surface 1 is unable to 

see itself. The net radiant-energy interchange between these two surfaces is given by: 

4.6 

where u is the Stefan Boltzmann constant (u = 5.67 X 10-12 watts cm-2 K -4). Al and A2 are 

the areas (cm2) of surface 1 and 2 respectively, £1 and £2 are the emissivities of surface 1 and 

surface 2 respectively, and Tl and T2 are the absolute temperatures (in Kelvins) of surfaces 

1 and 2 respectively. This equation gives heat flow in watts; the heat flow in Btu/hr may be 

obtained by multiplying the equation by 3.412. This equation is known as Christiansen's 

equation after the man who first derived it in 1883 (Sucec, 1975, p. 276). 

This equation fits nicely into this thermal analysis, as the gas turbine/jet engine may 

be modeled as a series of concentric cylinders with radiant-energy interchange between them. 

The u (T 14 - T 2 4) part of the equation will frequently be replaced with Planck equations 

integrated over appropriate spectral limits, as illustrated in much of the following. 
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Under most conditions it is not necessary to consider radiant interchange between the 

airflow internal to the engine and either the sapphire windows or photovoltaic cells. In 

general, gases with nonpolar symmetrical molecules do not emit or absorb thermal energy 

within the temperature ranges encountered in most engineering applications. Typical of this 

class are 02' N2, H2, and mixtures of these including relatively dry air. 

Conversely, gases with nonsymmetrical molecules, such as CO2, H20, S02 and many 

of the hydrocarbons, exhibit absorption and emission over certain wavelength ranges or bands. 

The absorptivity of such gases is dependent upon molecular structure, wavelength, and gas 

layer thickness. An example of this is the well-known 4.4 I'm absorption band of CO2 in 

combustion flames. In general, the combustion products of H20 and CO2 radiate at 

wavelengths considerably greater than the bandgap of the photovoltaic cells under 

consideration in this project. The main radiation from the flame is a result of carbon particles 

in the flame and is blackbody in nature, particularly in the visible/near-infrared spectral 

regions (where the photo voltaic cells are responsive). It is therefore assumed in this 

dissertation that Er = 1.0, i.e., that the flame is a perfect blackbody emitter. This is a 

worst-case condition (for thermal-heating considerations) as the combustion flame will not 

radiate as a blackbody, particularly in the far infrared (Doellner, 1979, p. 22). 

In the equations that follow, Tr will typically be on the order of 2,000 to 2,500 K for 

most jet engines and under typical jet-engine operating conditions. Ar will typically be about 

0.25 AI' i.e., the open-hole area is considered to be about 25% of the 

combustion-liner/sapphire-windowarea. A typical value for Ac on a business jet would be 

on the order of I to 2 ft2. The photovoltaic-cell area will typically be slightly less than the 

size of the jet-engine combustion liner. 

The radiant-energy interchange between the combustion flame and the sapphire 

windows (plates) is: 
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0.05 At 
+ 

4.7 

where (values given are for the worst-case analysis under consideration): 

Tt = estimated combustion-flame temperature = 2,500 K, 

T w = estimated window temperature = 700 K, 

ft = 1.0, 

fw = 0.94, 

A = 1 ft2 = 929 cm2 
w ' 

At = (0.25) Aw = 232 cm2, 

c1 = Planck's first radiation constant, 

= 3.7413 X 10-12 watt cm2, 

C2 = Planck's second radiation constant, 

= 1.4388 cm K, 
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A = wavelength, and 

e = 2.71828 Naperian base. 

Equation 4.7 is Christiansen's equation with Planck equations incorporated and 

integrated between appropriate spectral limits. In the numerator of the first expression the 

integration is from A = 5.5 pm to A c: 00 because in this spectral region sapphire absorbs the 

majority of the radiation incident upon it. The 0.05 in the numerator of the second 

expression is the estimated absorption in the sapphire within the spectral region in which 

sapphire is transparent (there is about 5% absorption in a piece of sapphire approximately 

1/16 inch thick). With the aid of a computer or programmable calculator (e.g., HP-28S), 

the equation is easily programmed and solved. (The results may be easily approximated 

and/or checked using a blackbody sliderule.) The heat load calculated with the values given 

is ql = 4,198 watts or 14,323 Btu/hr. 

The radiant-energy interchange between the jet-engine combustion liner and the 

sapphire windows is: 

+ 

[ r~. 00 

Al J~. 6.6 pm 

q2 = 

[ r~. 6.6 pm 
0.05 Al J~.o 

4.8 



where: 

TI = estimated combustion-liner temperature = 1,173 K, 

Tw:::: 700 K, 

EI = 0.70, 

Ew = 0.94, 

Aw = 1 ft2 = 929 cm2, and 

AI = 0.75 Aw = 697 cm2
• 

The calculated result for this heat flow is q2 = 980 watts or 3,345 Btu/hr. 
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The radiant-energy interchange between the jet-engine combustion flame and the 

photo voltaic cells (indicated by subscript "pv") for>. > >'2 assuming 5% of the incident radiant 

energy is absorbed in the copper or silver back electrode of the photovoltaic cells (Epv = 0.05): 

qs = 
[ r~. 6.6",m 

0.95 At J~2 

where: 

Tr= 2,500 K, 

Tpv = 1500 F:::: 339 K, 

4.9 
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Ef::: 1.0, 

Epv::: 0.05, 

A f ::: (0.25) Apv ::: 232 cm2• and 

).2::: longest-wavelength limit of photovoltaic-cell response, 

= 1.7 I'm for photovoltaic cells with Eg ~ 0.7 e.Y. 

The calculated result for this heat flow is qs ::: 3,707 watts or 12,647 Btu/hr for 

photo voltaic cells with a bandgap of approximately 0.7 e.V. The integrals for qs (and also q6) 

are over the spectral region).::: ).2 to ).::: 5.S I'm because radiant energy above 5.5 I'm is almost 

totally absorbed in the sapphire window(s). 

For ).1 < ). < ).2 a worst-case analysis assumes that all the incident radiant energy not 

being converted to electrical energy by the photovoltaic cells is converted to heat in the 

photovoltaic cells. This may be found by reference to the equation: 

4.10 

where: 

Tr = 2,500 K, 

T1 ::: 1,173 K, 
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Effr = photovoltaic-cell conversion efficiency (for given flame temperature and in 

bandwidth >'1 to >'2)' 

Effl == photovoltaic-cell conversion efficiency (for given liner temperature and in 

bandwidth >'1 to >'2)' 

>'1 == lower limit of photovoltaic-cell response, 

>'2 = upper limit of photovoltaic-cell response, 

and other values as in the previous examples. Equation 4.10 is essentially the Planck equation 

integrated between appropriate spectral limits. The equation assumes coated sapphire surfaces 

(no reflection losses). Values of "Efr' for various source temperatures and photovoltaic cells 

are calculated in Appendix A (see the discussion on p. 165). 

The worst-case result for this heat flow is q" = 12,000 watts or 40,946 Btu/hr. This 

heat flow is easily estimated. For example, for photo voltaic cells that are 40% efficient in the 

bandwidth >'1 to >'2 and an 8,000 watt electrical power-generating system on a business jet, 

the heat developed in the photovoltaic cells (due to radiant energy in the spectral region from 

>'1 to >'2) will not exceed q4 = 12,000 watts or 40,946 Btu/hr. Mathematically this may be 

simply stated: 

Or: 

Pused Pheat 

Elf - [ I -Elf] 

8,000 _ 12,000 
0.40 - [I - 0.40] 

4.11 
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The radiant-energy interchange between the jet-engine combustion liner and the 

photovoltaic cells for>. > >'2 assuming 5% of the incident radiant energy is absorbed in the 

copper or silver back electrode of the photo voltaic cells (Epv:: 0.05): 

4.12 

The calculated result for this heat flow is q5 = 320 watts or 1,093 Btu/hr. 

There is also a radiant-energy interchange between the sapphire windows and the 

photo voltaic cells. This effect is small and is given by: 

4.13 

where C1 = 5.67 X 10-12 watts cm-2 K-4• The effect is small because of the relatively small 

difference in temperature between the sapphire windows and the photovoltaic cells, and also 

the low emissivity of the photovoltaic cells. The emissivity of the photovoltaic cells is again 

estimated to be about 0.05. [The back-surface reflector (e.g., copper electrode on the back 

side of the photovoltaic cell) typically used on photovoltaic cells typically has a reflectance 

of around 95%, this leaves about 5% for absorption (a = E by Kirchoff's law).] 
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For example, for a typical business jet Ac co I ft2, Tw = 8000 F c: 700 K, and 

Tpv:= 1500 Fe 339 K, the resulting heat flow is 60 watts or 203 Btu/hr. The temperature 

values estimated are not critical-large variations in the temperatures used having small 

effects on the overall results of this analysis. The value of "q6" is small enough that it could 

be considered negligible in all but the most accurate calculations. (Deleting "q6" affects results 

by well under 1 percent.) 

Summary of Radiant-Energy Heat Loads 

The total radiant energy absorbed by the sapphire windows is the sum of the radiant 

energy from the flame and combustion liner, minus the net energy being radiated from the 

windows to the photovoltaic cells (q6)' i.e., Qw I:: ql + q2 - q6 = 14,323 Btu/hr + 3,345 Btu/hr 

- 203 Btu/hr = 17,465 Btu/hr where the capital letter "Q" represents a total quantity. 

The total radiant energy absorbed by the photo voltaic cells is the sum of the radiant 

energies from the flame, combustion liner, and sapphire window, i.e., Qpv = qs + q4 + q6 + q6 

= 12,647 Btu/hr + 40,946 Btu/hr + 1,093 Btu/hr + 203 Btu/hr = 54,889 Btu/hr where the 

capital letter again represents a total quantity. 

The total radiant-energy heat load is the sum of the effects of Qw = 17,465 Btu/hr and 

Qpv = 54,889 Btu/hr. Since the effects of Q", must act through the (typically-high) thermal 

resistance R", of the composite sapphire-window/airgap assembly, Q", generally has relatively 

small effect on photovoltaic-cell temperature. However, large values of Qw do increase the 

temperature of the sapphire window and the upper extremities of the adjacent longitudinal 

rib structure. Conversely, Qpv has a relatively large effect on photovoltaic-cell temperature 

and little effect on the temperature of the sapphire window. 
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Detailed Calculations; Convective Heat Transfer 

As previously discussed, in addition to these radiant interchanges, there is also a heat 

flow due to the convective coupling from the jet-engine's internal air stream to the sapphire 

windows and photovoltaic cells. This can be very significant due to the fact that the internal 

heat-transfer convective coupling coefficient is large (particularly on takeoffs), ranging from 

about 200 Btu/hr-ft2-oF in small engines to about 800 Btu/hr-ft2-OF in (future) large 

high-performance engines. 

Counteracting this is the very high convective heat-transfer coefficient of the fuel 

cooling in the fuel manifold (or from the air cooling if air cooling is used). Typical values 

for this heat transfer coefficient are h = 1,400 Btu/hr-ft2-oF (on takeoff) and this value is 

important in obtaining low photovoltaic-cell temperatures. If air cooling were employed, 

equivalent17 convective heat-transfer coefficients of around 400 Btu/hr-ft2-oF (on takeoff) 

should be obtainable. 

It is assumed that the thermal isolation provided by the thermally insulating material 

used to insulate the photovoltaic-cell region from the main engine structure is complete (this 

was shown to be a reasonable assumption in Doellner, 1979, p. 36). This means that the 

section of the engine under consideration (i.e., the photovoltaic-cell region opposite the 

perforated section of the combustion liner) is only able to receive heat by 1) convection from 

the internal air stream, and 2) radiation from the sources indicated in the section entitled 

Fundamental Calculations: Radiant-Energy Heat Transfer. It is important to note that when 

17 Possibly obtained/enhanced with simple cooling fins. 
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using a relatively high thermal-resistance composite sapphire-window/airgap assembly the 

temperature of the sapphire window increases, thus increasing the thermal radiation from the 

sapphire window to the photovoltaic cells. In general, this does not increase the heat Joading 

on the photo voltaic cells since the copper electrode behind the photo voltaic cells reflects the 

majority of this radiation. Most of this radiation passes through the sapphire window and 

returns to the combustion flame. About 5% of the energy on the short-wavelength side of the 

absorption edge of sapphire (5.5 J.&m) is absorbed in the sapphire. Radiant energy beyond 

5.5 pm is absorbed strongly by the sapphire window, but this radiant energy is relatively 

small. 

The use of pyrex (instead of sapphire) causes photovoltaic-cell temperatures to 

increase because the radiant energy reflected from the copper electrode is absorbed in the 

pyrex surface. If the windows are assumed to be at 1,000° F, the radiation peak is at about 

3.5 pm. Radiation at 3.5 pm, after reflection off the copper electrode behind the photovoltaic 

cells, is heavily absorbed in pyrex but only lightly absorbed (~ 5%) in sapphire-because of 

their respective absorption edges. 

Externlll Alrflo\1 
---t> 

Structural Hel'lber (PlenUM) 

'==============1=Photovoltlllc-Cell Bllcklng 
F Photovoltalc Cells 
'--_________ .....--r---l-Vlndow AsseMbly i (Sllpphlre V!ndOIf Ilnd Alrgllp) 

Oc = qCI 
-t> 
Internal AlrFlol'I 

Or = qrcl + q rf' 

Figure 4.3 General Thermal Model 
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The only way the photovoltaic-cell region opposite the perforated section of the 

combustion liner is able to lose heat is to the fuel in the cooling manifold external to the 

engine and by (relatively small) radiation of this structure to external surroundings. 

Figure 4.3 shows an equivalent circuit where a surface is heated on one side by radiation and 

convection with cooling on the other side by convection (fuel, thermal fluid, or air cooling). 

The thermal resistance of a material is given by: 

4.14 

where Ln = thickness of material n (in inches) taken normal to the direction of heat flow, 

kn = thermal conductivity of material n evaluated at its average temperature in 

Btu-inches/ft2-hr-oF, and, 

A = cross-sectional area of the body, taken normal to the direction of heat flow, in ft2. 

The thermal resistance of a 0.015 inch sheet nickel alloy (the inner plenum, as 

discussed in Chapter 3) is: 

0.015 inch 
Rip = -----------

(84 Btu-in/ft2-hr-OF)(l ft2) 

Rip = 0.0001786 hr-oF/Btu. 

where: 

Rip = thermal resistance of inner plenum, 

L = 0.015 inch (typical thickness for inner plenum, see Chapter 3), 

k = 7 Btu/hr-ft-OF = 84 Btu-in/ft2-hr-oF (Materials Engineering, 1986, p. 105), and 

A = I ft2, typical area under consideration (e.g., photovoltaic-cell area for business jet). 
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The photovoltaic-cell backing (substrate) is made of a thermally conductive (and 

electrically insulative) material, and hence its thermal resistance may be neglected. The 

composite window assembly, i.e., the combined sapphire window and airgap, has a large 

thermal resistance. This composite resistance can be made large by using thin (e.g., 0.005 inch 

or less) rib structures, an airgap on the order of 0.020 inch, and a rib-structure material 

having high thermal resistance (as for example titanium). Airgaps on the order of 0.020 inch 

allow ample room for the interconnections and are also small enough to eliminate natural 

convective effects in the airgap--as shown in the section entitled Possibility of Natural 

Convection Effects in AirgaD. There is a fairly substantial temperature gradient across the 

0.020 inch airgap. 

Calculating the thermal resistance of the composite window assembly is done in two 

parts. The thermal resistance of the 1/16 inch thickness sapphire is calculated, then the 

thermal resistance of the 0.020 inch airgap is calculated, and then the two are added in series. 

In both cases the (thermally in-parallel) effects of the rib structure are considered.1s 

Consider first a 1/16 inch (0.0625 inch) thick sapphire window held by the 

longitudinal rib structures. In the direction of the perimeter of the engine an equivalent 

O.OOS-inch thickness19 longitudinal rib structure holds a 0.5 inch (width) sapphire 

window-this follows around the perimeter of the engine. When considering a 1 ft2 

photovoltaic-cell assembly, this means that for 0.99 ft2 sapphire windows there is 0.01 ft2 

(0.005/0.5 = 0.01) longitudinal rib structure area. 

18 These calculations could be simplified by just considering the thermal resistance of the 
airgap. 

19 By equivalent 0.005 inch thickness is meant that the equivalent area normal to the 
direction of heat flow is the same as for a linear-type structure 0.005 inches in thickness. 
Linear-type rib structures are easy to think about and analyze. 
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Hence: 

0.0625 inch 
Rl = ------------

(120 Btu-in/ft2-hr-OF) (0.99 ft2) 

where k for sapphire runs about 120 Btu-in/ft2-hr-oF for this upper high-temperature region 

of the longitudinal rib structures. 

Rl = 0.0005261 hr-oF/Btu 

0.0625 inch 
R2 = ------------

(168 Btu-in/ft2-hr-OF) (0.01 ft2) 

where k for nickel alloys runs about 168 Btu-in/ft2-hr-oF for this upper high-temperature 

region of the longitudinal rib structures. 

Combining the two thermal resistances in parallel: 

(0.0005261) (0.03720) 
Rs = -------= 0.0005188 hr-oF/Btu 

0.0005261 + 0.03720 

In examining Rl and R2 it is noticed that the thermal resistance of the sapphire 

windows is small relative to that of the longitudinal rib structures; if the longitudinal rib 

structures were made thick in this region (e.g., approximately 0.030 to 0.040 inch), the 

resulting composite thermal resistance Rs would change minimally and the resulting structure 

would be more durable. Notice that the thermal resistance of the upper regions of the 
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longitudinal rib structure is small relative to the thermal resistance of the lower regions of the 

longitudinal rib structure. In general, the heat flowing (analogous to current flow in electrical 

engineering circuits) through the longitudinal rib structure will be very small. 

Now consider the airgap. Again for every 0.99 ft2 of airgap there is 0.01 ft2 of 

longitudinal rib structure. In a similar manner to the above: 

0.020 inch 
R4 = ------------

(0.30 Btu-in/ft2-hr-OF) (0.99 ft2) 

where k for air runs about 0.30 Btu-in/ft2-hr-OF for this lower region (lower temperatures) 

of the longitudinal rib structures. 

0.020 inch 
Rs "" ------------

(84 Btu-in/ft2-hr-OF) (0.01 ft2) 

where k for nickel alloys runs about 84 Btu-in/ft2-hr-oF for this lower region (lower 

temperatures) of the longitudinal rib structures. 

Rs = 0.02381 hr-oF/Btu 

In examining R4 and Rs it is noticed that the thermal resistance of the airgap is larger 

than that of the longitudinal rib structures. It is frequently desirable to keep the thermal 

resistance of the longitudinal rib structures as large as possible to provide minimum thermal 

connection between the sapphire windows and the underlying inner plenum base 

structure-while still fulfilling the structural requirements of the sapphire window assembly. 
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By proper design (proper selection of the air-pressure-equalization hole diameter) these 

structural requirements are very minimal. 

This (lower) region of the longitudinal rib structures is where the interconnections pass 

through the rib structure(s). The ribs in the lower regions of the rib structure typically consist 

of (miniature) rectangular pillars (columns) which support the overlying sapphire windows 

and their adjacent (upper) rib structure. In between these miniature pillars are the 

interconnections. These pillars are only in the lower region (e.g., lower 0.020 inch) of the 

longitudinal rib structures; the upper region of the rib structure adjacent to the sapphire 

windows is a linear-type structure and would typicaUy be on the order of 0.030 to 0.040 

inches thick. Structurally, the demands on these pillars are minimal because air pressure in 

the airgap always changes gradually (i.e., there are no structural impacts), and because there 

is only mild pressure differentials across the sapphire window. 

One way of understanding this system thermally is to consider the limiting case where 

the pillar dimensions (their rectangular cross-sectional areas) become smaller. As these 

dimensions decrease, the heat flow (Btu/hr) through the pillars decreases until in the limit the 

heat flow through the pillars approaches zero. The radially-flowing heat conduction is now 

strictly through the sapphire window, through the airgap, and then through the base of the 

inner plenum to the fuel manifold.2o In this case the only real function of the pillars is to 

hold the sapphire-window assembly over the airgap and inner plenum, and they need only be 

strong enough for this purpose. Because of the pressure balancing feature, the strength 

requirement of the pillars is minimal. Designing this assembly with small crossectional-area 

(in radial direction) pillars consistent with strength requirements at temperature provides the 

highest thermal-resistance window assembly possible. 

20 This is the case where the calculations could be made by just considering the thermal 
resistance of the airgap. 
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It should be noted that during the takeoff run, the existing centerframe structures of 

conventional high-performance jet engines run nearly red hot. These centerframe structures 

are generally made of high-quality nickel alloys and are structurally very heavily loaded.-in 

addition to being a pressure container they also carry the main axial loads of the engine. 

In the PPG structure (i.e., with the photovoltaic power-generating system 

incorporated) the sapphire windows and upper extremities of the longitudinal rib structure 

can experience approximately the same temperatures mentioned in the preceding paragraph, 

however these surfaces are very lightly structurally loaded. The underlying inner and outer 

plenums of the PPG structure are operating at relatively low temperatures due to the fuel 

cooling. The outer plenum of the PPG structure carries essentially the same pressure 

containment and axial loads mentioned in the preceding paragraph, but this material is 

operating at a much lower temperature than the conventional centerframe. 

The high temperatures mentioned are present only during the takeoff run--conditions 

are much milder during the remainder of the flight. If lower combustor reference velocities 

are used, as is expected to be the eventual (long-term) trend of these modified engines 

(Doellner, 1983), then due to the reduced air velocity inside the engine, the internal 

convective heat-transfer coefficient is reduced, and milder-temperature conditions prevail 

in the location of the sapphire windows. 

Combining the two thermal resistances R4 and R6 in parallel: 

(0.06734) (0.02381) 
R6 = c 0.01759 hr-oF/Btu 

0.06734 + 0.02381 

The overall thermal resistance R", of the composite sapphire-window /airgap assembly 

is found by combining Rs and R6 in series: 
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Rw = Rs + Re = 0.0005188 + 0.01759 = 0.01811 hr-oF/Btu 

An easy way of approximating this value is simply: 

L ax 
R", ~ (1/2) -- ~ (1/2) -- 4.15 

k k 

where again normalization is for A = 1 ft2, both for simplicity and because this is a 

representative area for a typical business jet. The L = ax is airgap spacing and "k" is the 

thermal conductivity of air taken at a temperature midway between that of the sapphire plate 

(window) and of the underlying photovoltaic cell. The reason for the factor of 1/221 is due 

to the thermal conductance of the rib structure-as small as the overall area of the rib 

structure is in the direction of heat flow (e.g., 0.01 ft2 total), its net thermal conductance is 

still much greater than that of the airgap, if titanium or nickel alloys are used for the rib 

structure. Ideally these materials should have very high thermal resistance, low mass, and 

high strength at the temperatures expected in their upper regions. Additionally, it may be 

desirable that such materials be moderately frangible, such that in the extremely remote 

event22 the rib structures (and transparent windows) were structurally torn from their 

locations, impinging on the turbine blades, no engine damage would result. 

The convective heat-transfer coefficient between the airflow internal to the engine 

and the sapphire windows was calculated for the business jet aircraft to be hci = 235 

Btu/hr-ft2-oF (p. 81) for takeoff conditions. The thermal resistance of this link may be 

calculated: 

21 The factor of 1/2 is arbitrarily selected to reduce R"" as Rw can never achieve the 
thermal-resistance value of a pure airgap due to the necessity of rib structures. 

22 The probability of such an occurrence is virtually zero, however for completeness such 
events must be considered. 
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1 1 
Rei =---::----------

hei A (235 Btu/hr-ft2-0F) (1 ft2) 
4.16 

The convective heat-transfer coefficient between the fuel (coolant) and the fuel 

manifold is hee == 1,400 Btu/hr-ft2-0F under takeoff conditions. The thermal resistance of this 

link may be calculated: 

1 
Ree=--- 4.17 

Ree:: 0.0007143 hr-oF/Btu 

In the electrical engineering analogue to this thermal problem (and ignoring 

radiant-energy heat loads for the moment) there are four resistors in series, their respective 

values being 426 ohms (coupling to internal airflow), 1,811 ohms (resistance of window 

assembly), 18 ohms (resistance of nickel-alloy inner plenum), and 71 ohms (coupling to 

fuel).28 This may be rewritten as 426 + 1,811 :: 2,237 ohms in series with 18 + 71 == 89 

ohms. The photovoltaic cells are between (potential wise) these equivalent 2,237 ohm and 

89 ohm resistors in series. This means that an overall driving potential difference of 500 volts 

(or 500° F) drops roughly 4% (i.e., 89/2,237) of the potential across the 89 ohm resistor. 

In other words, assuming a business jet where the internal airflow was 570° F and fuel 

temperature 70° F, only 4% of A:: 570 - 70 = 500° For 20° F (neglecting radiant heat loading) 

28 These values are found by arbitrarily multiplying the above values for Rei' R
TJ

, Rip, 
and Ree respectively by 106• 
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drops across the 89 ohm resistor-the photovoltaic cells would be at a temperature about 

20 degrees above the fuel temperature. If the fuel temperature were 70° F then the 

photovoltaic-cell temperature would be 90° F. 

The preceding is oversimplified, but it does illustrate the importance of having some 

thermal resistance in the composite sapphire-window /airgap assembly (represented by the 

1,811 ohm resistor) in the model under consideration. This thermal resistance provides an 

important role in keeping the photo voltaic cells on the low end of the voltage (temperature) 

divider network. In fact, by repeating the above analysis but using titanium rib structures 

(same size as for the nickel-alloy ones) where k = 48 Btu-in/ft2-hr-oF and an estimated k = 

96 Btu-in/ft2-hr-oF at high temperatures (upper region of longitudinal rib structures) instead 

of the values used for the nickel alloy, then the photovoltaic-cell temperature would be 85° 

F, instead of the 90° F found above. 

If the inner plenum were made entirely of titanium or nickel alloy, then it is desired 

that the base region of the tracks be made relatively thin, to provide intimate thermal contact 

(through the inner plenum) of the photovoltaic cells to the fuel in the fuel manifold. An 

alternate construction would be to make the inner plenum of aluminum and the longitudinal 

ribs of titanium or nickel alloy. The titanium or nickel-alloy longitudinal ribs could be 

dove-tailed into the aluminum inner plenum, allowing for the fact that the coefficient of 

expansion for aluminum is about double that of titanium. The combination of an aluminum 

base with titanium longitudinal ribs gives an ultralight centerframe structure.24 Repeating 

the above calculations, using an aluminum plenum with titanium longitudinal ribs, results in 

photovoltaic-cell temperatures of merely 81 0 F or II ° F above the fuel temperature of 700 F. 

24 Much like the general construction of aircraft themself, i.e., of extreme lightweight 
construction but designed to withstand the structural loads to which they are subjected. 
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Intrinsically, titanium or nickel alloys are a better material for the rib structures than 

aluminum because of their higher strength at temperature. Because of the small net amount 

of material involved, high-quality nickel alloys could be used without adding any significant 

weight. 

Again, these calculations ignore radiant-energy heat loads but are useful for 

developing reader insight. The combined treatment (convective and radiant-energy loading) 

involves complete systems equations and is invariably more complex as shown in the following 

section. A program is developed such that the effects of the thermal resistance of the 

sapphire window /airgap assembly can be evaluated. 

ThlliUled Calculations: Convective and Radiant-Energy Loading 

The data derived on a step-by-step basis are incorporated into the equivalent circuit 

of Figure 4.4. (Note the resemblance of Figure 4.4 to Figure 4.1(a).) In this figure, T j and 
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Te are the temperatures of the internal airflow and the coolant (fuel, thermal fluid, or air) 

external to the engine, respectively. T w is the unknown temperature of the window surface 

(looking at the window from the axial center of the engine) and Tpv is the unknown 

temperature of the photovoltaic cells. T w is important in that it gives the temperature in the 

upper layers (radially inward) of the sapphire windows and in the uppermost regions of the 

longitudinal rib structure. This is needed from a design standpoint in the selection of 

longitudinal rib-structure materials. 

The total radiative heat flow from the combustion flame/liner to the surface areas of 

the sapphire windows and photovoltaic cells respectively is merely the values Qw = Ql + Qa -

Qa and Qpv = Qs + Q4 + Qs + Q6 calculated 5n the sections entitled Fundamental Calculations: 

Radiant-Energy Heat Transfer and Summary of Radiant-Energy Heat Loads. The dual 

symbolism Q1 = Qc' Qa = Qw' and Qs = Qpv shown in Figure 4.4 is useful for correlation to 

earlier work (Doellner, 1979, p. 40) where numbered subscripts (and lower-case letters) were 

used to indicate these total Quantities. The lettered subscripts (e.g., Qc' Qw and Qpv) provide 

a convenient clue to the physical meaning of the symbol. For example, Qw means the 

summation of heat flows (Btu/hr) entering and leaving the (top of the) window surface and 

Qpv means the summation of the heat flows (Btu/hr) entering and leaving the photovoltaic 

cells. In slightly different words, the radiant energy absorbed by the sapphire windows and 

converted to heat generates a heat flow of Qw Btu/hr where Q.". represents the radiant energy 

being absorbed in the sapphire windows and converted to heat. Likewise, the radiant energy 

absorbed by the photovoltaic cells and converted to heat generates a heat flow of Qpv Btu/hr 

where Qpv represents the radiant energy being absorbed in the photovoltaic cells and 

converted to heat. The temperature T pv in Figure 4.4 is due to the cumulative effect of heat 

flows Q.;:, Qw' and Qpv. 

In Figure 4.4, T rII is the temperature of the equivalent radiative source representing 

the combined effects of the combustion flame and combustion liner. R7 is an equivalent 
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thermal radiative resistance determined by the percentage of radiant energy absorbed in the 

window material; Rs is an equivalent thermal radiative resistance determined by the 

percentage of radiant energy absorbed in the photovoltai~-cell detector material. These 

quantities are not of concern as they do not directly enter into the loop equations (only the 

quantities Qw and Qpv discussed in the preceding are needed). The diode between R7 and 

node "b" and the diode between Rs and node "c" are included to remind the reader that the 

heat flow is in the direction indicated. When Qw and Qpv were obtained they were derived 

in a manner that took care of the radiant energy flow in both directions-the resulting Qw and 

Qpv represent heat flows in one direction only. This makes it possible to indicate the current 

flow from node "b" to node "c" in Figure 4.4 as Q1 + Q2 c: Qc + Qw, by Kirchhoff's current 

law. The current flowing to the right of node "en in Figure 4.4 is in a similar manner shown 

to be Q1 + Q2 + Qs = Qc + Qw + Qpv' also by Kirchhoff's current law. 

As is frequently done in heat-transfer work, it is convenient to model the overall 

thermal system using an electrical-engineering analogue. Later in the dissertation it will be 

shown that this electrical analogue gives exactly the same results as analyses using summations 

of heat flows. 

The electrical engineering analogue uses basically three simple laws: Ohm's law, 

Kirchhoff's voltage law, and Kirchhoff's current law. Kirchhoff's voltage law states that the 

sum of all voltages around a closed loop is zero. In Figure 4.4 there are three closed circuits, 

i.e., three loops. Following Kirchhoff's voltage law an equation is written for each 

loop-appropriately summing the voltages in each loop. The three loop equations (Doellner, 

1979, p. 48) are: 

4.18 

4.19 
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4.20 

where: 

Ti = internal airflow temperature, 

Rip = thermal resistance of inner plenum, 

Te = external airflow (or coolant) temperature, 

and other terms are as previously defined. The circuit of Figure 4.4 (and the corresponding 

equations above) are intrinsically linear because they consist of only linear elements (resistive 

elements) and source temperatures (constant potentials). Under certain circumstances it is 

possible for some of these elements to be nonlinear. For example, the thermal conductance 

of air k(T) in the airgap is a function of temperature-this can introduce small nonlinear 

effects (straight lines plotted from the linear equations become slightly curved). k(T) is 

included in the preceding analysis by choosing k values at temperatures close to their known 

values. 

As previously stated, it is necessary to find the photovoltaic-cell temperature (T pv) and 

sapphire window temperature (T w = T p). In examining Figure 4.4 there are three loops and 

three unknowns, i.e., Qc' T W' and T pv' There are three simultaneous linear equations and 

three unknowns. Mathematically speaking, these equations are independent, consistent, and 

nonhomogeneous. It is necessary to solve these equations to find Qc' T W' and T pv' 

At first inspection the necessity of finding a value for Qc may not be apparent. 

However, much may be learned by studying how Qc affects the performance of this system. 

Qc was defined (p. 89) as the convective heat flow between the internal airstream and the 

surface of the sapphire window. From the loop equations: 
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4.21 

A positive Qe means that the heat flow is from the internal airstream to the sapphire 

window. Qe may also be zero or negative. Qe = 0 means that the temperature of the surface 

of the sapphire window is exactly the same as the temperature of the internal 

airstream-consequently the heat flow is zero. A negative Qe means that the sapphire 

windows have been heated by radiant energy (i.e., Ql'I) to the point where the temperature of 

the sapphire windows is greater than the temperature of the internal airstream and heat flow 

is into the internal airstream. If pyrex windows are used negative Qe's will be very common, 

since pyrex absorbs considerable radiant energy and Qw will always be very large. A negative 

Qe indicates that enea-gy is being returned to the engine-a desirable effect in some respects. 

In Figure 4.4, the Qe + Qw heat flow between node b and node c takes into consideration the 

fact that node b may be hotter than the internal airstream temperature (T1) and that some of 

Qw is actually being returned to the internal airstream (giving a negative Qe)' 

It will be found that Qe is a function of Rei' Rl'I' Rip + Rec = RO' Ti, Tc' Qw' and Qpv· 

Qe depends strongly on Qw and to a lesser extent on Qpv. Qw = ql + q2 - q6 and Qpv = qs + q4 

+ q5 + q6 can be directly calculated--as the equations in this dissertation show. 

The loop Equations 4.18,4.19, and 4.20 may be solved by any of several methods. For 

example, it is well known that third order equations of the nature of the given loop equations 

can be reduced to second order equations simply by the method of elimination. 

Another common way of solving the given loop equations is by the means of 

determinants. Rearranging the loop equations: 



Expressing coefficients of the unknowns in determinant form: 

D = 

1 

1 

o 

Solving by well-known determinant techniques: 

T j 

(Rw> (Qw> 

Te+RO(Qw+Qpy> 
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T j 

(Rw) (Qw> 

Te+RO(Qw+Qpy> 

o 
-1 

1 

o 
-1 
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4.22 

4.23 



(Tpv) (D) = 

1 

1 

o 

Ti 

(Rw) (Qw) 

Tc+Ro(Qw+Qpv) 

by substituting in the Qc found in the preceding. 
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4.24 

Even simpler solutions exist by mere algebraic manipulation of the original loop 

equations. As the preceding illustrates, the solution of the loop equations is straightforward. 

A convenient modern calculator program for this purpose is included in Appendix B, as well 

as a program suitable for older-style calcuJators. These equations are convenient in that any 

of the circuit parameters may be varied at will to determine their effect on system 

performance. 

Using the worst-case values of Qw c 17,465 Btu/hr and Qpv = 54,889 Btu/hr found 

in the section entitled Summary of Radiant-Energy Heat Loads, and the heat-transfer 

coefficients found in the section entitled Calculation of Typical Convective Heat-Transfer 

Coefficients, the calculated photovoltaic-cell temperature on the takeoff run of a 

high-performance business jet is 1480 F, assuming a fuel (coolant) temperature of 700 F. 

The temperature on the surface of the sapphire-window assembly would be 7360 F. If a pyrex 

window assembly were used instead of sapphire with Q", = 60,000 Btu/hr and Qpv = 54,889 

Btu/hr the photovoltaic-cell temperature would raise to 1550 F. The temperature on the 

surface of the pyrex-window assembly would be 8840 F. 

For a high-performance large commercial jet aircraft the photovoltaic-cell 

temperature on the takeoff run is 1630 F for the model and worst-case values assumed in the 

preceding and a fuel temperature of 700 F. The temperature on the surface of the 
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sapphire-window assembly would be 1,0630 F. Fused-silica transparent-window assemblies 

would give window surface temperatures somewhere between that of pyrex and that of 

sapphire. 

For a typical business jet in cruise the photovoltaic-cell temperature is 460 F for the 

model and worst-case values assumed in the preceding and a fuel temperature of -300 F. The 

temperature on the surface of the sapphire-window assembly would be 5860 F. 

For a high-performance large commercial jet aircraft the photovoltaic-cell 

temperature in cruise is 51 0 F for the model and worst-case values assumed in the preceding 

and a fuel temperature of -300 F. The temperature on the surface of the sapphire-window 

assembly would be 6890 F. 

Important Other Considerations 

It is ironic that-for the assumed model-the hotter the sapphire (or pyrex) windows 

the cooler the photovoltaic cells, everything else remaining the same (except for the thermal 

resistance of the window assembly). For low photovoltaic-cell temperatures, 

high-thermal-resistance window assemblies (specifically the airgap) are desirable and high 

window temperatures may result. It must be emphasized that the preceding is a worst-case 

analysis with the effects of the surrounding metal support structures (the structure 

surrounding the sapphire windows) basically ignored. Since sapphire is a relatively good 

thermal conductor, there is considerable heat due to Qc and Qw being conducted from the face 

of the sapphire window(s), by way of the sapphire-window cross-sectional area into the 

surrounding metal support structures, particularly the head and tail structures. This will lower 

photovoltaic-cell and window temperatures considerably over the values obtained in the 

preceding worst-case calculations. 
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To.lt 

This may be understood by reference to the thermal heat-flow circuit of Figure 4.5(a). 

The heat (due to Qc and Qw) received largely by way of the face of the sapphire window(s) 

travels through the relatively low thermal resistance of the sapphire window(s) to the head and 

tail structures-where there is relatively low thermal resistance to the base of the inner 

plenum. The base of the inner plenum may be thought of as an (approximate) infinite heat 

sink at the temperature of the fuel. Heat received from radiant-energy heating of the 

photo voltaic cells (Qpv) is conducted directly from the photovoltaic cells into this virtual 

infinite heat sink. 
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Since the airgap and the axial thermal resistance of the inner plenum represent 

relatively high thermal resistances, the heat due to Qc and Qw avoids the photovoltaic-cell 

region (thermally-protected region). By keeping the rib structures thin, the rib structures and 

underlying immediately-adjacent areas are kept relatively cool; this is desirable because of 

the close proximity of the photovoltaic cells to the rib structures.26 

Normally the photo voltaic cells are immediately adjacent (laterally) the rib structures; 

but not immediately adjacent (axially) to the head and tail sections--allowing perhaps a 

quarter of an inch for this heat-dumping effect. The thin (0.015 to 0.030 inch) inner plenum 

represents a high axial thermal resistance with a low radial thermal resistance (due to the 0.015 

to 0.030 inch thinness). From this perspective, high thermal-resistance materials like nickel 

alloys are actually desirable for the inner (and outer) plenum(s) in that the axial thermal 

resistance26 is large while the radial thermal resistance is still relatively low due to the 

thinness of the plenum(s). 

26 If the longitudinal ribs were thick, their thermal resistance would be low and there 
would be considerable heat flow through them, causing them to get hot. 

26 Obviously, this thermal resistance is not as low as it would be for aluminum; however, 
the increased axial thermal resistance of the nickel alloys is desirable and presents a 
design-consideration tradeoff. 
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If the thermal resistance of the sapphire windows is small and the thermal resistance 

of the head and tail structures is also small, the equivalent simplified thermal circuit would 

look as shown in Figure 4.S(b). Figure 4.5(b) assumes that the thermal resistance around the 

photovoltaic cells is infinite-in all directions with the exception of from the photovoltaic 

cells to the infinite heat sink (the active fuel cooling). While these conditions can only be 

approached in practice, the resulting simplicity of Figure 4.5(b) clearly illustrates that in the 

limit, the photovoltaic-cell temperature will approach the temperature of the fuel. 

Under the conditions of Figure 4.5 it is apparent that if the head, tail, and rib 

structures could be built with zero thermal resistance, then in theory it would be desirable to 

thermally tie the sapphire windows to these structures and the underlying inner plenum base. 

Using an electrical engineering analogy, zero resistance means zero power dissipation and zero 

heat generation. All of the (finite) heat received by way of the sapphire windows would be 

routed directly to the (theoretical) infinite heat sink. 

However, since these thermal resistances cannot be zero, some heat generation results. 

Some of this heat will exhibit itself in the structures surrounding the base (adjacent inner 

plenum) of the head, tail, and rib structures. Heat around the head and tail structures is not 
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undesirable as the cells could be located some distance (e.g., 1/4 inch) from the head and/or 

tail structure. Heat around the base of the rib structures can be undesirable, since it is 

frequently desirable to have the cells immediately adjacent the rib structures, for maximum 

radiant-energy collection. This is the reason for using thin (high thermal resistance) rib 

structures to limit heat flow. However, by locating the photovoltaic cells laterally a small 

distance (e.g., 1/16 to 1/8 inch) from the rib structures, then thicker,lower thermal-resistance 

rib structures could be used. This latter approach would minimize any possible adverse 

shading effects caused by the rib structures. 

While in practice these ideal conditions (assumptions of materials with zero thermal 

resistance, infinite heat sink, etc.) cannot be achieved, theory points to the fact that some 

thermal tying of the sapphire window to the underlying structures/inner plenum27 is not 

only inevitable from a construction standpoint, but desirable from thermal considerations. 

The preceding discussion illustrates that the worst-case photovoltaic-cell and window 

temperatures calculated can be considerably improved by using good design practices. In fact, 

this heat-flow shunting phenomenon, just discussed, may be so powerful as to dominate over 

the results of the preceding worst-case calculations. Obviously, this heat-dumping effect 

needs to be (design) controlled such that the heat added to the fuel results in a reasonable 

fuel-temperature rise. 

Nevertheless, for the window material, sapphire is an excellent high-temperature 

material and there are no real disadvantages in using sapphire at high temperatures. In fact, 

in so doing, the underlying plenums (inner and outer) are protected and operating at very 

modest temperatures, enabling less material (decreased weight) to be used in the 

plenums-since metals are stronger at lower temperatures. The inner plenum is totally 

27 The final delicate balancing being done experimentally. 
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protected, first, from the internal air stream by virtue of the sapphire windows, and second, 

from the external air stream by virtue of the outer plenum. The outer plenum is also totally 

protected from the internal air stream by virtue of the sapphire windows. 

Q>mparison to Analyses Summing Heat Flows 

It will now be shown that the thermal/electrical network analysis just presented is 

exactly equivalent to pure thermal analyses summing heat flows. 

Once again, for simplicity, consider an area of I ft2 and let Rip = 0 (i.e., let Ro = Rce). 

Using the Loop No. I equation: 

T· - Q R· - T = 0 I C Cl 'CIt 

I 
since Rei = ---= --- with A = 1 ft2. 

From the Loop No.2 equation: 



~x 

sinceR",=-
k 

Hence: 

k 
Qw + hair (Ti - T",) = -- (Tw - Tpv) 

~x 
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where Qw is a summation of the radiative heat flows entering and leaving the sapphire 

window, that is: 

where: 

Qg_p = radiative heat flow, gas (combustion flame) to plate (window),28 

Ql-p = radiative heat flow, liner to plate, and 

Qp-c = radiative heat flow, plate to cell (photovoltaic cell). 

Once again (as on page 118), a dual symbolism has been used, this time for correlation 

to the study approaching the problem from a summation of heat-flows viewpoint (Burge, 

1981). Without the dual symbolisms it would be extremely difficult for the reader to 

understand and correlate this dissertation to previous works (Burge, 1981; Doellner, 1979). 

28 Optical/photonics engineers and physicists usually use sapphire (and related materials) 
in the context of a radiant-energy window. Mechanical engineers, heat-transfer people, and 
others usually like to refer to sapphire as a plate. 



131 

Additionally, future works on this subject will undoubtably use one of the basic symbolisms 

used in this dissertation, or some permutation of these fundamental symbolisms. Qp-c is a 

radiative heat flow leaving the sapphire window (plate) and is thus a minus quantity in the 

Qw expression. As already mentioned, Qp-c is a small quantity affecting the results by well 

under 1 % and could be considered negligible in all but the most precise calculations. 

Using the Loop No.3 equation: 

since Rip = 0, 

I 
Rce =---=-- (for A normalized to 1 ft2), 

hruel A hruel 

Again using the Loop No.2 equation: 

k 
Qpv + -- (Tw - Tpv) = hluel (Tpv - Te), 

~x 

where Qpv = Qg-c "'" Ql-c + Qp-c' Here Qp-c is a positive quantity since the heat flow 

is from the plate (window) to the photovoltaic cells. It is of notice that the thermal 

conductance term (k/ ~x) (T w - T pv) is automatically considered in the solution of the loop 

equations of the electrical engineering approach. In fact, by varying Rw = ~x/k at will, much 

can be learned on how Rw affects system performance. It is concluded that the loop equations 
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obtained by modeling the overall thermal system as an electrical engineering circuit are 

actually the ~ same equations obtained by approaching the problem from a summation of 

heat-flows viewpoint. The electrical-network analysis given involving Ohm's law, 

Kirchhoff's voltage law, and Kirchhoff's current law is totally consistent with the summing 

of thermal heat flows. In fact, summing heat flows in and out of a junction is completely 

analogous to Kirchhoff's current law which sums electrical currents flowing in and out of a 

junction. 

Special Unusual Operating Conditions 

The question will be asked: What if the aircraft is left all day at a desert airport where 

the temperature is 1200 F and the fuel temperature may be up to about 1600 F? If the 

photovoltaic-cell temperature is higher than the fuel temperature, how well do photovoltaic 

cells with low bandgaps operate at these kind of temperatures? 

Jet aircraft normally use their auxiliary power unit (APU)29 for providing electrical 

power after disconnect of the ground umbilical and while taxiing to the runway-the 

photovoltaic-cell power-generating system would not be needed here. Even on the takeoff 

run, current jet aircraft normally use the APU; the APU is not normally shut off until the 

aircraft reaches an altitude of about 5,000 feet where temperatures start cooling down. 

29 It has been said that chance and circumstance are rarely kind. An exception in this 
project is the fact that, in general, the only times the photovoltaic cells are warm is when the 
aircraft is normally using the APU. When the aircraft is on the APU, electrical power is not 
needed from the photovoltaic cells. This works out very well-physical circumstance is rarely 
this kind. 
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Consider the highly improbable situation where the aircraft has just passed V2 (the 

point of no return on the takeoff run) and the APU suddenly quits. How could this situation 

be handled? 

The photovoltaic-cell electrical power-generating system could be built to handle 

situations like this in two different ways. One way would be to have the photovoltaic cells 

in series strings such that normally only a portion of each series string is used. This allows 

a reserve for special situations where voltage has fallen (as for example, due to 

photovoltaic-cell temperature increases) and reserve electrical voltage is needed. This is 

discussed in greater detail later in this dissertation. 

The second way is to use 4-terminal optically-cascaded photovoltaic cells (Chapter 2). 

The top cell could be GaAs and the bottom cell could be GaSb. GaAs photovoltaic cells have 

no problems in operating at temperatures well in excess of 2000 F. Since on the takeoff run 

combustion-flame temperature is maximum and radiant energy is very abundant, the GaAs 

photo voltaic cells would have no difficulty in providing more than ample electrical power. 

The nature of the flight profile has a compensating effect on photovoltaic-cell 

operation. At takeoff, the cells will be relatively warm causing their efficiency (and voltages) 

to decrease; this will be compensated by the fact that a maximum amount of radiant energy 

will be incident upon the photovoltaic cells (increasing voltages). In cruise the cells will be 

relatively cool and hence their efficiency will increase. Hence, although there is less flame 

radiation available in cruise, the increased efficiency of the photo voltaic cells tends to give 

the same net power output. This compensating action basically holds throughout the flight 

profile of existing jet aircraft. 
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The method of fuel cooling discussed in this dissertation needs to be experimentally 

tested and proven over time. If over time no problems develop, then it could only be 

concluded that this method of photovoltaic-cell cooling is a reasonable means of cooling the 

photovoltaic cells. Conversely, if over time unsolvable problems develop, then there are 

several other methods of photovoltaic-cell coolingSO which will need to be evaluated and 

tested (beyond the scope of this dissertation). 

so One of which was discussed in Doellner, 1979. Another excellent method would be 
to circulate a thermal fluid (e.g., Dow Therm) in the helical-flow manifold in conjunction 
with a heat exchanger. The heat exchanger could be located in any of several different 
locations and be cooled by any of several different methods-a subject beyond the scope of 
this dissertation. 

Extrapolating from the direct fuel-cooling method used in this dissertation to indirect 
fuel (or other) cooling methods (thermal fluid/heat exchanger) is straightforward and 
relatively obvious. The reverse of this, i.e., extrapolating from thermal fluid/heat exchanger 
methods to direct fuel cooling, is not straightforward. This was the main reason this 
dissertation was written around the use of direct fuel cooling. 
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CHAPTER 5 

THIN-FILM THEORY AND APPLICATION 

Thin-film coatings obey the fundamental principles of optical interference. An 

extremely useful tool for evaluating thin-film coatings is the admittance diagram. This 

chapter discusses the basics of admittance diagrams and illustrates their use for the coatings 

needed in this project. 

Thin-film theory (including admittance diagrams) is an extensive subject. This 

chapter introduces those aspects of thin-film theory and admittance diagrams of relevance to 

this project. Readers desiring additional information should consult Macleod, 1986. 

General 

For a given thin-film coating, light is reflected at the inner and outer boundaries of 

the film. If the optical path difference is an integral number of wavelengths, constructive 

interference results. If the optical path difference is an odd number of half wavelengths, 

destructive interference results. 

There are two variables associated with each thin-film layer. These are the refractive 

index and the thickness of the film. Freedom of choice is not always possible in thin-film 

coating design due to the limited number of materials available. In general, both the optical 

(e.g., transparency and index of refraction) and the mechanical (e.g., durability) properties 

of thin-film materials are of interest. 

By electromagnetic field theory, admittance is the ratio of the magnitudes of the 

magnetic and electric fields of the wave in the medium of interest. 



where: 

H = magnetic field, 

E = electric field, 

Admittance c: H :: Y (n - i k) 
E 

Y = admittance of free space, 

n = real component of refractive index, and 

k = imaginary component of refractive index. 

136 

5.1 

In the visible and near-infrared optical spectral regions that are of interest in this 

project, relative permeability may be assumed to be unity. This is not necessarily true in 

other spectral regions, for example, in the microwave region. It follows from Equation 5.1 

that the optical admittance and refractive index are proportional to each other in the visible 

and near-infrared optical spectral regions of interest in this project. 

Single-Layer Coating on Sapphire 

One of the simplest of coatings is a single-layer antireflection coating. Such a coating 

could be used on the side of the sapphire window facing inward (toward the photovoltaic 

cells). A single-layer coating could also be used on the side of the sapphire window facing 

toward the combustion flame-provided that coating durability is sufficient to withstand the 

possible abrasive effects of the internal air stream. 



137 

Magnesium fluoride (MgF2) is an excellent coating for the sapphire windows used in 

this project because MgF2 has a refractive index very close to the optimum value required for 

zero reflection with a quarter-wave optical thickness. The optimum refractive-index value 

for a quarter-wave coating may be found from: 

where: 

lIt = film index, 

ni = incident medium index, and 

ns = substrate index. 

5.2 

It is important to note that while MgF2 gives essentially zero reflection for sapphire, it does 

not give zero reflection for glass even although MgF2 is very commonly used in coating lenses 

and other glasses. For common glasses (e.g., BK 7) with refractive index of 1.517, Equation 

5.2 indicates that a film coating of index 1.23 is needed to obtain zero reflection. Since no 

durable thin-film materials of index 1.23 are available MgF2 is commonly used. 

Unfortunately, there are no durable materials available with a refractive index lower than that 

of MgF2 (nr= 1.38). However, as stated MgF2 is well matched to sapphire (per Equation 5.2) 

giving essentially zero reflection. For sapphire, Equation 5.2 becomes equal to the square root 

of the refractive index of sapphire (no ~ 1.75; Wolfe and Zissis, 1978, p. 7-73) times the 

refractive index of air (ni = 1.0). MgF2 has a refractive index of approximately 1.380 in the 

visible spectrum, about 1.375 in the near infrared region (Driscoll and Vaughan, 1978, 

p. 7-93), and about 1.35 in the infrared at 2,000 nm (Macleod, 1986, p. 506). When MgF2 is 



138 

deposited on a hot stlbstrate at a temperature of 3000 C. the resulting coatings are extremely 

durable (Macleod. 1986. p. 506). 

1 MOog 

1.0 

-1.0 

2.0 3.0 

Reo.l 
1.75 

Figure 5.1 Admittance Diagram for Sapphire Window: g = 1. 

A thin-film admittance diagram for a single-layer MgF2 coating on sapphire is shown 

in Figure 5.1(a). In this figure the horizontal axis represents the real component of 

admittance; the vertical axis represents the imaginary component of admittance. Starting on 

the real axis. at point A is the refractive index of the substrate material (sapphire). Following 

this curve a quarter wave clockwise. at point B is the refractive index of air (nj = 1.0). The 

distance along the curve from points A to B represents a (quarter-wave) physical passage 

through the thin-film coating. each point along this curve representing the complex 

admittance in a corresponding physical plane within the thin-film coating. The fact that this 

curve terminates at point B where nj = 1 (corresponding to the physical plane at the top of the 

film-where the film interfaces with air) means that for this specific wavelength there is zero 

reflection. 
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Figure 5.2 Admittance Diagram for Sapphire Window: g < 1. 
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Figure 5.3 Admittance Diagram for Sapphire Window: g > 1. 
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A given admittance curve applies to one given wavelength. As wavelength increases 

the curve changes as shown in Figure 5.2. As wavelength decreases the curve changes as in 

Figure 5.3. These characteristics are generaUy expressed in terms of the parameter g = >'0/>" 

where >.a is the central wavelength for which the thin film is a quarter-wave optical thickness. 

The parameter "g" is frequently used in coating design because it is generaUy much easier to 

work with than with wavelength. 
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Figure 5.4 Admittance Diagram (Sapphire) With Isoreflection Curve 
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Figure 5.4 has the same admittance loci as Figures 5.1 through 5.3 but with 

isoreflectance curves added. The centers and radii of these curves are given by: 

[ 
"i (I + R)] 2 "i .fR 
(1 - R) ,0 and I - R 

5.3 

with ni being the admittance (refractive index) of the incident medium. 

Reflection as a function of "g" for single-layer antireflection coatings varies as shown 

in Figure 5.5. This can be understood by studying Figures 5.2 and 5.3 in conjunction with 

the isoreflection curve of Figure 5.4. Notice that in Figure 5.5 points A and B have been 

marked to conform to points A and B in Figure 5.1. At point A reflection is maximum and 

conforms to that of the uncoated substrate (sapphire) given by Equation 5.4. 
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Figure 5.5 Reflectance Characteristic Curve For Sapphire. 
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Point B corresponds to the outside surface of a quarter wave coating of MgF2 on sapphire. 

As previously stated, reflection is very nearly zero since Equation 5.2 has been satisfied. This 

is because the light reflected off the sapphire/MgF2 interface is 1800 out of phase with the 

light reflected off the top (outside surface) of the MgF2 film. Destructive interference results 

and there can be no reflection. For all points in between A and B, there is neither an integral 

nor odd number of wavelengths; hence, the admittance must become complex-as the 

admittance diagram shows. When single-layer antireflection coatings are used, theoretically 

there is a restriction to the sine-wave functional form of response plotted as a function of "g" 

in Figure 5.5. 
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Typically, it is desired to flatten the response in the region from approximately g = 0.6 

to g = 1.4. In general, this represents the main useable part of a relatively high-quality 

multilayer (series of layers) coating and this is designed to correspond to the photovoltaic-cell 

spectral response needed. This is later shown for blackbody source temperatures on the order 

of 2,000 to 2,500 K, the approximate source temperatures expected under various engine 

operating conditions in jet engines today. 

Single-Layer Coating on PhotQvoltaic Cells 

Single-layer thin films are also reasonably satisfactory for coating photovoltaic cells. 

An admittance diagram for a single-layer antireflection coating on a typical photovoltaic cell 

with a refractive index of approximately 3.5 (e.g., silicon; see Wolfe and Zissis, 1978, p. 7-76) 

is shown in Figure 5.6. Comparing Figure 5.6 with Figure 5.1 gives an appreciation for the 

usefulness of admittance diagrams. Starting on the real axis, at point A is the refractive index 

of the substrate material (silicon). Following the curve a quarter wave clockwise, at point B 

is the refractive index of air (ni = 1.0). As in Figure 5.1, the distance along the curve 

(Figure 5.6) from points A to B represents a (quarter-wave) physical passage through the 

thin-film coating, each point along this curve representing the complex admittance in a 

corresponding physical plane within the thin-film coating. 
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Figure 5.6 Photovoltaic-Cell Admittance Diagram. 
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Good materials for coating photovoltaic cells with a refractive index on the order of 

3.5 (silicon) are cerium oxide or silicon monoxide. Cerium oxide gives a very hard and 

durable coating when deposited at 2000 C or more. The slight absorption band at 3 microns 

(Macleod, 1986, p. 75) should pose no problem for photo voltaic cells under consideration in 

this project. The refractive index of cerium oxide is approximately 2.2 (Macleod, 1986, 

p.505). 

MUltilayer Coatings 

Multilayer coatings can be made to be effective over a broader or narrower range than 

single-layer coatings. Typically, a broadening half-wave layer is used for applications of the 

kind under consideration here. 
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Figure 5.7 Admittance Diagram (Sapphire) With Broadening Halfwave 
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The principle of operation of a broadening half-wave layer on sapphire is shown in 

Figure 5.7. As the parameter "g" changes in Figure 5.7, the action of the half-wave keeps the 

end of the quarter-wave near the 1.0 point and thus the reflectance low. The characteristic 

curve for the admittance diagram of Figure 5.7 is given in Figure 5.8. Later in this chapter 

a narrowing half-wave layer is illustrated (see Figure 5.9 and the section entitled Special Case: 

Sapphire Surface Adjacent Internal Air Stream). By the use of high quality multilayer 

coatings the sine-wave functional form of Figure 5.5 may be flattened to give a low 

reflectance in the region between approximately g = 0.6 and g = 1.4--at the sacrifice of 

spectral regions less than g = 0.6 or greater than g = 1.4. The value selected for ~o is obviously 

a function of the type of photovoltaic cell used. As an example, the value of ~ = 1,000 nm 

is fairly optimum for 0.7 e.V. (bandgap) photovoltaic cells but not at all optimum for 1.45 e.V. 

photovoltaic cells. When ~ = 1,000 nm, g = 1.4 conforms to a wavelength of ~1 = 714 nm and 

g = 0.6 conforms to a wavelength of ~2 = 1,667 nm. For a 2,000 K blackbody source which 

peaks at 1,450 nm there is excellent response (minimal reflection) between 714 nm and 

1,667 nm. For a 2,500 K blackbody source which peaks at approximately 1,200 nm there is 

likewise excellent response between 714 nm and 1,667 nm. In both cases the energy less than 

approximately 714 nm is small enough to be of little concern. For a 2,000 K blackbody source 

the energy under 714 nm is less than 1 percent. Unfortunately, any attempt to move ~1 to 

shorter wavelengths also moves ~2 to shorter wavelengths; i.e., any attempt to capture this lost 

1 percent results in a greater loss on the long wavelength side. For a 2,500 K blackbody 

source about 4 percent of the total energy is under 714 nm, however radiant energy from a 

2,500 K blackbody source is so abundant that a 4 percent loss would be of little concern. This 

4 percent loss is a reflective loss and does not represent a radiant heat load. 
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While beyond the scope of this dissertation, sophisticated multilayer coatings 

consisting of more than a dozen layers can be made which have virtually zero reflectance over 

a range of several octaves. As shown in the preceding, while multilayer coatings improve 

performance by increasing transmittance (lowering reflectance) in some designated spectral 

region, for many applications, what is gained optically over that of a single layer does not 

warrant the added effort. Such may be the case in this project, particularly in the case of the 

sapphire windows. With abundant jet-engine radiant energy, multilayer coatings may not 

justify the cost involved--adequate performance may possibly be obtained without them. A 

single-layer MgF2 coating gives excellent results since MgF2 has a refractive index very close 

to the optimum required by Equation 5.2 for a sapphire substrate. 

Thin-film coatings that are pinhole free will act in the manner of a reasonably good 

encapsulant, protecting the front surface of the cell from a reasonable degree of 

environmental pollution. Under certain circumstances, e.g., after an aircraft landing on a 

humid day, conditions are suspect for condensation. The surface of the photovoltaic cells will 

be cold due to the very cold fuel temperatures after a long flight at altitude. When warm 

humid air is in proximity to a cold surface condensation results. If this condition is severe, 

special transparent encapsulants may be needed. 

An important point to remember is that when encapsulants or cemented covers (as 

with prismatic covers) are used on photovoltaic cells the optical properties of the thin-film 

coatings become the sole criterion. The mechanical properties can generally be ignored if the 

photovoltaic cell can be protected by an external cover or encapsulant, and less durable 

coating materials may be used at the internal interfaces. 
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Special Case: Sapphire Surface Ad jacent internal Air Stream 

The jet-engine internal air stream inevitably contains any debris ingested by the 

engine. This debris is typically in the form of small particulate matter which flows along the 

inward side of the jet-engine casing (plenum), because after ingestion it is thrown outward 

by centrifugal force following the jet-engine compressor. 

For the side of the sapphire window adjacent to this internal air stream there are only 

a few choices. If this surface is left uncoated, Equation S.4 shows that there is 7.4 percent loss 

across the spectrum. 
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Figure 5.9 Admittance Diagram (Sapphire) With Narrowing Halfwave 
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Sapphire is an extremely hard material which should easily tolerate the potentially 

abrasive effects of the internal air stream. The sapphire window could possibly be coated 

with a high-index durable material like a diamond thin film; however, whenever a substrate 

is coated with a higher index material, its reflectance is increased. Unfortunately, the 

addition of a high-index (e.g., diamond) half-wave layer over a low-index (e.g., MgF2) 

quarter-wave layer has a narrowing effect rather than the desired broadening characteristic, 

as shown in the admittance diagram of Figure 5.9. A study of Figure 5.9 shows that as the 

parameter "g" is changed, the end point is moved rapidly away from the 1.0 point and the 

reflectance rises rapidly. This example helps to illustrate the beauty and usefulness of 

admittance diagrams. 

A single-layer quarter-wave MgF2 (or Si02; n 1=:$ 1.45) antireflection coating could be 

used to coat this sapphire surface; however, the effects of the potentially damaging internal 

air stream needs to be evaluated by engineering tests. A triangular-shaped mound structure 

upstream of the sapphire windows could deflect solid particulate matter away from the 

sapphire windows, thus protecting the coating. 
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CHAPTER 6 

SUMMARY AND CONCLUSION 

This dissertation related to the application of photo voltaic cells-surrounding the 

combustion chamber of an aircraft's jet engine(s)-used to generate the full electrical power 

demands of the aircraft. This chapter provides a summary of the results of this dissertation, 

as well as an overview of the advantages of this aircraft electrical power-generating system. 

The dissertation began with a discussion of the photo voltaic cells and photovoltaic-cell 

theory applicable to this project. This was followed by a discussion of the centerframe 

structure and how the photovoltaic cells could be built into a jet engine. A thermal analysis 

followed that started very fundamentally-to provide reader understanding and insight-and 

then became very detailed. The results of the thermal analysis support previous work 

validating the feasibility of this concept. This was followed by a chapter on thin-film theory 

applicable to this project. 

Weight, performance, economy, reliability, maintainability, safety, and simplicity are 

paramount considerations in aviation. The electrical power-generating system of this study 

will save approximately 100 pounds of engine weight on a light business jet or fighter plane, 

and 1000 pounds or more of engine weight on a large commercial jet aircraft. The reduction 

of weight-particularly in the engine(s) where weight is most critical-projects to a 

significant savings in fuel consumption. It is well known in the aircraft industry that a pound 

of weight in the engines is equivalent to 8 to 20 pounds of weight in the airframe. 

Performance and economy will increase, not only because the weight of the aircraft 

has been decreased, thus enabling the aircraft to fly faster, farther. and more economically, 
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but because the loading by the generator/alternator on the aircraft's engine has been 

eliminated. The freedom from moving parts and the subtle beauty of a truly solid-state 

aircraft electrical-power-generating system greatly increases reliability and reduces 

maintenance. Complete elimination of the accessory drive and its heavy gear mechanisms is 

ultimately foreseen, since if the electrical demands of an aircraft can be provided without the 

accessory drive (a unique capability), other functions normally using the accessory drive can 

be accommodated electrically or pneumatically-rather than being dependent on a large and 

awkward mechanical gear-drive system. Most people are unaware that the average existing 

jet engine contains more than 5,000 moving parts making the engines the most trouble-prone 

component of any jet aircraft (Koepp, 1988, p. 62). 

The science of photovoltaic cells is both old and new. While photovoltaic cells have 

been around for about 150 years,S1 the development of photo voltaic cells has increased 

considerably in the last 30 years and advances are now being made daily. It is anticipated that 

in the future many new photovoltaic cells of various semiconductor materials will be found 

that are useable in this project. Besides cells made of single elements and binary compounds, 

it is anticipated that inexpensive ternary- and quaternary-compound cells will be developed 

and available. It is expected that many low-bandgap photovoltaic cells will be found in the 

future. 

The short-circuit current of photo voltaic cells is not strongly temperature-dependent 

and actually tends to increase slightly with increasing temperature (Chapter 2). This is 

attributed to increased light absorption, since semiconductor band gaps generally (but not 

S1 Since Alexandre Becquerel first discovered the photovoltaic effect and published in 
1839. 
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always)32 decrease with temperature. Unfortunately, the other cell parameters, such as the 

open-circuit voltage and the fill factor, both decrease with increased photovoltaic-cell 

temperature. In general photovoltaic-cell operation, this causes both the power output and 

efficiency to decrease with inc;reasing temperature. For silicon, the power output decreases 

by about 0.4 to 0.5 percent per degree centigrade. 

Photovoltaic cells with a low bandgap have a greater temperature dependence than 

photovoltaic cells with a larger bandgap. This means that cells with low bandgaps will 

deteriorate severely in voltage output with increases in temperature. The decrease in voltage 

output with temperature can be compensated for by employing longer series strings. 

While photovoltaic-cell voltages decrease at high photovoltaic-cell temperatures, the 

available current generally increases slightly (p. 34). There are sophisticated and effective 

ways of employing these cells in continuous series strings tailored in length to provide the 

necessary voltage as engine operating conditions change. For example, if the voltage of a cell 

decreases by a factor of one-half because of temperature effects, then the series string must 

be made twice as long to obtain the same total voltage. This suggests that twice the 

photovoltaic-cell area is needed to accomplish the same objective. However, when 

photovoltaic cells are operated under concentration, as in a jet engine, there is no shortage of 

radiant energy whatsoever. 

The lowest voltages (before series-string-Iength compensation) would be expected on 

the takeoff run in warm climates where fuel temperatures are high. Longer and 

correspondingly fewer series strings would then be employed. Since there is abundant radiant 

energy available on the takeoff run, this poses no problem. During landings, the fuel and 

32 For most semiconductors (e.g., silicon, germanium, GaAs, GaSb) the bandgap decreases 
with increase in temperature. There are a few semiconductors where the opposite effect takes 
place, i.e., the bandgap increases with increase in temperature, an example is PbS, see 
Ashcroft and Mermin, 1976, p. 566. 
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photovoltaic-cell temperatures will generally be very cold and hence photovoltaic-cell 

efficiency is high. A complete discussion of this subject is beyond the scope of this 

dissertation and is the subject of a report now being written. 

The use of photovoltaic cells with direct bandgaps on the order of 0.4 to 0.7 e. V. was 

suggested by Doellner, 1981. p. 9. Consistent with this, semiconductors with band gaps as low 

as 0.4 e.V. may be viable contenders for use in this project (p. 164). Low-bandgap 

photovoltaic cells provide the most favorable spectral matching at low flame temperatures. 

At high flame temperatures the cells are not as well spectrally matched; however, the radiation 

at high flame temperatures is so intense that this compensates for the lower photovoltaic-cell 

efficiency. 

The use of photovoltaic cells with bandgaps of about 0.4 to 0.7 e.V. will enable this 

project to be used even with low NOx future engines (yet in the experimental stage) where 

combustion flame temperatures are not allowed to exceed approximately 1,800 K. As the 

tables in Appendix A show, there is ample radiant energy available from low-bandgap 

photovoltaic cells even at low flame temperatures (e.g., I,700 K). It must be remembered that 

for the majority of the flight profile the photovoltaic cells will be at very low temperatures. 

The exception to this is the takeoff run in warm climates. The beauty of this situation is that, 

during taxiing and the takeoff run, the auxiliary power unit (APU) is normally used. If the 

APU were to fail during the takeoff run, there is still plenty of radiant energy to provide 

ample electrical current and power, since longer (and thus fewer) series strings could be 

employed to compensate for the reduced voltage (per cell) because of the increased 

photovoltaic-cell temperature. 
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In general, future jet engines will have higher compression ratios with higher 

internal-engine pressures and higher combustion temperatures (with the exception of low NOx 

engines, if such engines become a reality). In general, this is favorable to this project. 

Unlike many technological fields that mature quickly and then stagnate, there is 

considerable room for future growth and expansion in this project. Material science is 

creating improved materials which would benefit the construction of the photo voltaic 

power-generating structure. Future fuel additives will allow reduced carbon deposits at 

higher temperatures. Transparent combustion-liner materials (e.g., ceramics) will allow 

higher electrical-power outputs than are now conceivable. The technology of low-bandgap 

photovoltaic cells is rapidly advancing; future systems employing the concepts of this 

dissertation will not be limited to the photovoltaic cells discussed in this dissertation. 

This project encompasses many technological disciplines and advances in these 

disciplines are occurring daily. These advances are opening exciting new vistas that have the 

potential to significantly improve the performance of this photo voltaic power-generating 

system which this dissertation has shown can provide (i) improved and advanced 

electrical-system performance/solid-state reliability, (ii) significant aircraft fuel- and 

weight-savings advantages, and (iii) increased aircraft performance. 



APPENDIX A 

CALCULATION OF PHOTOVOL TAlC-CELL 

POWER OUTPUTS, CONVERSION EFFICIENCIES, AND AMPERES/CM2 

(FOR VARIOUS BANDGAPS AND SOURCE TEMPERATURES) 

General 
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The numerator of Equation Al is the Planck equation scaled by >'/>'s and integrated 

between appropriate spectral limits from >'1 to >'2' >.j>'s is the relative responsivitySS for a 

photon detector and takes care of the falloff in responsivity with higher-energy photons 

(smaller >.). 

V.F. is voltage factor and is the ratio of cell output voltage (e.g., conservatively 

0.9 volts for GaAs) to semiconductor bandgap (e.g., approximately 1.45 e.V. for GaAs). The 

calculations in this appendix are ultimately directed toward the computation of amperes/cm2 

under normal operating conditions from various photovoltaic cells. Since it is desired that the 

cells be operated close to their maximum power point (a design goal), the voltage used in this 

voltage factor is the approximate voltage at the maximum power point of the photovoltaic cell 

under consideration. (Voltage factor in the literature uses open-circuit voltage.) 

V.F. is typically a ratio of about 2/3 or less for most photovoltaic cells. As defined, this 

voltage factor will obviously be an inverse function of photovoltaic-cell temperature, the 

voltage factor being smaller at high photovoltaic-cell temperatures and larger at low 

photovoltaic-cell temperatures. 

ss As the integrated wavelength gets shorter relative to the wavelength >'s of the 
absorption edge (bandgap), there is an intrinsic falloff in responsivity proportional to >.j >'s. 
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Q.E. is the average cell quantum efficiency over the integrated spectral interval from 

A1 to A2' GaAs has a fairly flat quantum efficiency averaging about 0.9254 (conservatively; 

see Jam~s and Moon. 1975, p. 406 and other GaAs references) between 500 nm and 850 nm. 

(The use of a Q.E. of 0.92 over the spectral interval from 500 nm to 850 nm gives results 

similar to a more rigorous integration using 50 nm spectral intervals.) When the quantum 

efficiency characteristics are irregular, as for silicon and others, the spectrum is subdivided 

into 100 nm (or smaller) spectral intervals and average values used. Typical values of Q.E. 

are used, when such values are available in the literature. If such values are unobtainable, 

reasonable values for Q.E. are assumed. 

The denominator of Equation Al is the Planck equation integrated between the same 

spectral limits as the numerator and used for normalization purposes. Later in this appendix 

an alternate form of normalization is employed, each of these two normalizations having their 

corresponding advantages and disadvantages. With the aid of a computer or programable 

calculator (e.g .• HP-28S), the numerator and denominator of Equation Al are easily 

integrated. 

The photon-representation equivalent to the numerator given in Equation Al is given 

in Equation A2 (the denominator of Equation Al is retained in the denominator of Equation 

A2). Equation A2 is obtained by multiplying and dividing the numerator of Equation A I by 

hc, where h = Planck's constant (6.6252 X to-54 watt sec2) and c is the speed of light 

(2.99793 X 1010 cm/sec.). Equation A2 is useful when a computer or programable calculator 

is not available, but when photon Planck distribution tables are available for the numerator, 

and energy Planck distribution tables are available for the denominator. 

34 To the accuracy possible in reading curves in the given literature. 



where: 

Ell = (V.F.) (Q.E.) 

Eff = photovoltaic-cell conversion efficiency, 

V.F. = voHage factor (as discussed in text), 

Q.E. = quantum efficiency (as discussed in text), 

c1 = Planck's first radiation constant 

= 3.7413 X 10-12 watt cm2, 

c2 = Planck's second radiation constant 

= 1.4388 cm K, 

T = blackbody source temperature, 

>. = wavelength, 

>'1 to >'2 = bandwidth under consideration, 

>'s = absorption edge (bandgap) wavelength of photo voltaic cell, 

).j>'s = relative responsivity for a photon detector, and 

e = 2.71828 Naperian base. 
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A3 

where the watts/cm2 is understood to be watts/cm2 in the integrated spectral interval. 

The total radiant energy (watts/cm2) within a designated spectral interval is given by 

Equation A3 for a given temperature blackbody source. When the photovoltaic-cell 

conversion efficiency (given by either Equation Al or A2) is multiplied by the total radiant 

energy (watts/cm2) within the spectral-response bandwidth (the integrated spectral interval) 

of the photovoltaic cell, the power output expected from a one cm2 photo voltaic cell within 

the designated bandwidth is obtained. 

Since Equation A3 is identical to the denominator of both Equation A 1 and Equation 

A2, the usable radiant energy available from a particular photovoltaic cell within the spectral 

interval under consideration (i.e., within ~1 to ~2) is given by either Equation A4 or AS. 

Equations A4 and AS are obtained by multiplying Equations Al and A2, respectively, by 

Equation A3. Equation A4 has a disadvantage in that if a computer or programable calculator 

is not available, the equation is not easily integrated. However, Equation AS is equivalent and 

may be used when photon Planck distribution tables are available-the integrand being 

merely a table look-up. The results of Equation A4 and AS are given in column 4 of Tables 

1 through 22. Column S is the total watts/cm2 for the spectral regions under consideration, 

as found by Equation A3. 
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A4 

Power OUI(l cm2 cell) = (V.F.) (Q.E.) ~sc ~12 C
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AS 

Equation Al and A2 give the efficiency in some given spectral interval (>'1 to >'2) 

normalized by the total energy in the same spectral interval. These data are tabulated in 

Column 6 of Tables I through 22 for photovoltaic cells of various band gaps over a wide range 

of source temperatures. While these data are useful for some informational purposes, it is 

often desired to know the efficiency in a given spectral interval normalized by the total 

radiant energy available from a given-temperature blackbody source. 

The total energy available from a blackbody source is given by Equation A6-the 

well-known Stefan Boltzmann relationship. When the numerators of Equation Al and 

Equation A2 are normalized by Equation A6 (i.e., with the Equation Al and Equation A2 

denominators replaced by Eqcation A6), the results are Equation A 7 nnd Equation AS. These 

equations provide the overall photovoltaic-cell conversion efficiency and these results are 

tabulated in Column 8 of Tables I through 22. 

A6 
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where: 

~1 = 0 

~2 = 00 

(1 = 5.6686 X 10-12 watt cm-2 K-4 

A7 

AS 
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These results are convenient in that the efficiencies in the given individual spectral 

intervals can be added to obtain the overall efficiency under all wavelengths over which the 

photovoltaic cell is sensitive. For photovoltaic cells with bandgaps of approximately 1.45 e.Y. 

and 0.4 e.Y. respectively, a summation is not needed, as only one spectral interval is 

integrated, that is 500 to 850 nm (see Table 1) and 400 to 3,100 n.m. (see Table 22). For the 

other cells a summation is used (the results of the individual spectral regions are added) over 

the spectral region of sensitivity for the particular cell under consideration. This is 

subsequently shown in Tables 2 through 21. 

In general, the preceding equations assume a full hemispherical surround. Frequently. 

a truncated hemispherical surround (e.g., Lambertian disc) is found (Doellner, 1983, p. 1). 

Here the reduction in radiant energy may be calculated from the relationship: 

E = M sin2 () A9 

where E = Irradiance, 

M = Radiant exitance, 

() = Half angle to edge of Lambertian disc. 
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Photo voltaic Cells With Bandgao ~ 1.45 e.Y. 

Gamum arsenide is an example of a photovoltaic cell with a bandgap of approximately 

1.45 e.V .. With GaAs and a 2,000 K blackbody source (for example), using Equation A3 (or 

a blackbody radiation slide rule) there is about 2.56 watts/cm2 in the spectral interval from 500 

nm to 850 nm. This 2.56 watts/cm2 times the above calculated (Equation Al or Equation A2) 

overall photovoltaic-cell conversion efficiency gives the watts out of a one cm2 GaAs 

photo voltaic cell. Either Equation A4 or Equation AS gives this result directly. In either case 

this result is about 1.28 watts/cm2--see Column 4 of Table 1. Once this datum is known, it 

is a simple matter to calculate the amperes/cm2 of the cell (amperes/cm2 = watts/cm2 divided 

by voltage). Hence, for GaAs this result is simply 1.28 watts/cm2 divided by 0.9 volts; this 

gives an expected output of 1.4 amperes out of a one cm2 GaAs photo voltaic cell, assuming 

a 2,000 K blackbody source--see Column 9 of Table 1. 

With GaAs and a 2,500 K blackbody source (for example), using Equation A6 (or a 

blackbody radiation sliderule) there is about 18.67 watts/cm2 in the spectral interval from 

500 nm to 850 nm. This 18.67 watts/cm2 times the above calculated (Equation Al or Equation 

A2) photovoltaic-cell conversion efficiency gives the watts out of a one cm2 GaAs 

photovoltaic cell. Either Equation A4 or Equation AS gives this result directly. In either case 

the result is about 9.07 watts/cm2• Again, once these data are known it is a simple matter to 

calculate the amperes/cm2 of the cell (amperes/cm2 = watts/cm2 divided by voltage). Hence 

for GaAs this result is simply 9.07 watts/cm2 divided by 0.9 volts; this gives an expected 

maximum output of 10.1 amperes out of a one cm2 GaAs photo voltaic cell, assuming a 

2,500 K blackbody source. Table 1 summarizes these data. 

The 6,000 K source (sunlight) in Table 1 is included for comparison purposes and to 

illustrate the importance of choosing an appropriate spectral interval of integration for the 
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source and photovoltaic cells under consideration. For example, the accuracy of the data for 

the 6,000 K source is considerably restricted for many photovoltaic cells, by the fact that the 

integration is over a 500 to 850 nm spectral interval. For a 6,000 source there is considerable 

energy between 300 and 500 nm--about 23% of the total energy. Many photovoltaic cells 

respond in this spectral region. Conversely. for the 1,700 to 2,500 K sources there is 

proportionately little energy under 500 nm-Iess than about 0.3% of the total energy. The 

data for the 1,700 to 2,500 K sources-the main subject of this dissertation-is representative 

for most photovoltaic ceils even when the integrations start at 500 nm. 

Photovoltaic Cells With Bandgap ~ 1.1 e.V. 

Silicon is an example of a photo voltaic cell with a bandgap of approximately 1.1 e. V .. 

As the quantum efficiency values of Tables 2 through 11 show, for wavelengths longer than 

about 900 nm the quantum efficiency falls off significantly in silicon. In solar applications 

this particular effect is not very noticeable because the sun's radiant energy peaks at about 

500 nm and there is proportionately little radiant energy over this long-wavelength tail 

between 900 and 1,100 nm. For combustion-source spectrum the falloff in quantum 

efficiency would be significant and direct-bandgap photovoltaic cells would perform 

considerably better than indirect-bandgap photovoltaic cells. 

Since GaAs photovoltaic cells have a fairly flat quantum efficiency, in the preceding 

an average quantum efficiency of 0.92 was assumed over the spectral interval from 500 nm 

to 850 nm. For photovoltaic cells like silicon with a more irregular quantum efficiency, the 

best way of handling the integration is to divide the spectral interval from 400 nm to 1,100 

nm-the main usable part of the spectrum for silicon-into 100 nm (or smaller) intervals. 

Each of these 100 nm spectral intervals is integrated individually using an average quantum 
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efficiency for the 100 nm spectral interval under consideration. This average quantum 

efficiency for each 100 nm spectral interval may be obtained by interpolation from quantum 

efficiency curves available in the literature. The desired overall photovoltaic-cell watts/cm2 

will then be the sum of the expressions for each of the individual 100-nm spectral-interval 

integrals (use either Equation A4 or Equation AS) found from the preceding. Once these data 

are known, it is a simple matter to calculate the amperes/cm2 of the cell (amperes/cm2 = 

watts/cm2 divided by voltage). The resulting data for silicon are summarized in Tables 2 

through 11. 

PhotQvoltaic Cells With Bandgap ~ 0.7 e.Y. 

As discussed in Chapter 2, examples of photovoitaic cells with band gaps of 

approximately 0.7 e.V. are germanium (Ge), InP/InGaAs, GaSb, and InGaAsP. InGaAsP has 

a variable bandgap where the bandgap may be varied from about 0.35 e.V. to 2.26 e.V. by 

appropriately varying (doping) the composition of the semiconductor materials used. 

Photovoltaic Cells With Bandgap ~ 0.4 e.Y, 

For completeness, photovoltaic cells with a bandgap of 0.4 e. V. will also be considered. 

Examples of photovoltaic cells with a bandgap of approximately 0.4 e.V. are InGaAsP (see 

Rhoads, Negley, and Barnett, 1988, p. 649), and lead sulfide (PbS).36 The computations 

follow the exact same procedures and sequences as the preceding; however, since no 

36 Lead sulfide photovoltaic cells suitable for this application have not been developed. 
If such cells could be developed, they would certainly have the advantage of being made from 
readily-available, low-cost materials. 
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representative quantum efficiency data was readily available, the quantum efficiency was 

assumed at 0.85 uniformly across the spectrum. While using a uniform Q.E. of 0.85 for the 

0.4 e.Y. photo voltaic cell is certainly not realistic for all wavelengths, the photon relative 

responsivity term >'/>'8 = >./3,100 (for Es 0= 0.4 e.V.) effectively damps out the 

short-wavelength terms in the appropriate equations, a compensating effect. 

In the preceding discussion on silicon, it was mentioned that the falloff in quantum 

efficiency was not overly noticeable for the solar spectrum but quite noticeable for 

combustion-flame spectra. In an analogous manner, the falloff in efficiency near the 

absorption edge of a 0.4 e.Y. indirect-bandgap photovoltaic cell would have a minimal effect 

on the response to a combustion-flame spectrum at 2,500 K. There is proportionately little 

energy around 3,000 nm for a blackbody source with a temperature about 2,500 K. For a 

blackbody source at 1,700 K the effect is somewhat stronger. The best way of seeing these 

relationships is with a blackbody sliderule. This means, for this particular aspect of 

indirect-bandgap versus direct-bandgap photovoltaic cells, that indirect-bandgap photo voltaic 

cells with bandgaps as low as 0.4 e.Y. may perform better with combustion-flame spectra than 

their band gaps suggest. 

It may superficially be difficult for the reader to imagine how photovoltaic cells with 

bandgaps as low as 0.4 e.Y. could be useful in this project. Consider the following scenario. 

During taxiing to the runway, the auxiliary power unit (APU) is normally used to provide 

elec~rical power and hence the photovoltaic-cell system is not required. On the takeoff run 

the photo voltaic cells will be warm and their voltage outputs will correspondingly be greatly 

reduced. If the voltage output(s) were one-half their normal output (as a hypothetical 

example), it follows that effectively only one-half the area of photovoltaic-cell coverage is 

available for a given-size system (see p. 33, p. 133, and p. 151). However, on the takeoff run 

and throughout ascent, radiant energy is so abundant that this will normally be more than 
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adequate. Once the aircraft is at altitude (and throughout the remainder of the flight), 

the photovoltaic cells will be relatively cold and adequate electrical-power outputs should be 

easy to obtain. 

Discussion 

Apparent in the preceding is the advantage of lower-bandgap photo voltaic cells in 

applications where the radiant-energy source is roughly 1,700 to 2,500 K. In contrast, 

higher-bandgap photovoltaic cells like GaAs excel in applications employing a radiant-energy 

source about 6,000 K (e.g., the sun). In general, two aspects must be considered: first, where 

the energy is located spectrally and second, how efficient the photovoltaic cell is to that 

particular spectrum. 

For the 1.45 e.V. photo voltaic cell the efficiency is approximately 50.0% (Table 1, 

Column 6) for a 2,000 K source considering the available energy within the spectral interval 

from ~1 to ~2' with normalization by the total radiant energy within the same ~1 to ~2 spectral 

interval (Equation Al and Equation A2). A blackbody sliderule shows that a 2,000 K 

blackbody radiates most strongly at about 1,450 nm and there is relatively little energy at 

wavelengths shorter than 700 nm. This is shown in Table 15, Column 5. 

For the 0.7 e. V. photovoltaic cell the efficiency to a 2,000 K source (in a much 

broader spectral range than GaAs) is about 37.6%. This is found by dividing the totals value 

in Column 4 of Table 15 by the totals value in Column 5. For a 2,000 K blackbody source 

the radiation peak (s:::1 1,450 nm) is just under the bandgap of the photovoltaic cell at 1,700 nm. 

A blackbody source at 2,500 K gives lower photo voltaic cell efficiencies (34.5%) because the 

spectral radiant exitance peak (s:::1 1,100 nm) is below the photovoltaic-cell's absorption edge 

at 1,700 nm. A blackbody source at 6,000 K gives considerably lower efficiencies (18.3%) 
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because the radiation peak (~ 500 nm) is well below the absorption edge. In general, this is 

due to the intrinsic responsivity of photon detectors (the ).j>'s factor in Equations AI, A2, A4, 

AS, A 7, and A8). 

Apparent from Tables 2 through 21 is a possible disadvantage of Equations Al and 

Equation A2, under some circumstances. Often it is desired to know accurately the overall 

efficiency, for example, the overall efficiency from 300 nm to 1,700 nm for the 0.7 e.Y. 

photo voltaic cell. From the data of Column 6 in Tables 12 through 21 one could add the 

efficiencies for the individual spectral intervals, take a weighted average, and get an 

approximate overall conversion efficiency. However, for maximum accuracy it is necessary 

to use Equation A 7 or Equation A8. These data are compiled in Column 8. 

In Equations A 7 and A8 the efficiency obtained for each spectral interval is 

normalized by the total energy available (obtained from the Stefan Boltzmann relationship) 

from a blackbody source at the temperature under consideration. By adding the individual 

readings in Column 8 a more exact overall (total) conversion efficiency is obtained, since the 

reading of each individual spectral region is an accurate fraction of the overall total. (If the 

quantum efficiency was known exactly for each wavelength-instead of averaging over each 

100 nm spectral interval-then an exact solution could be obtained.) However, Column 6 has 

the advantage that it shows exactly how efficient a given photovoltaic cell is in the designated 

spectral interval (assuming the average quantum efficiency used accurately represents the 

spectral interva1.) The reason for both of these Columns (6 and 8) is for completeness. 

As shown in Table 1 for a 2,000 blackbody source, the 1.45 e.Y. photovoltaic cell is 50.0% 

efficient (Column 6) to the energy in the spectral interval from 500 nm to 850 nm 

(the 1.45 e.Y. photovoltaic-cell spectral response), but only 1.4% efficient (Column 8) 

considering the overall spectrum. As shown in Table 22, the 0.4 e.Y. bandgap photovoltaic 

cell is 29.6% efficient (Column 6) to the energy in the spectral interval from 500 nm to 
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3,100 nm (the 0.4 e.V. photovoltaic-cell spectral response), and 22.3% efficient (Column 8) 

considering the overall spectrum of a 2,000 K blackbody source. While the 0.4 e.V. 

photovoltaic cell receives considerably more radiant energy due to its increased spectral range, 

a tradeoff exists in that cells with lower band gaps are considerably more temperature 

sensitive. The 0.4 and I.4S e.V. bandgap photovoltaic cells represent the limits of the cells 

considered and illustrates these effects most dramatically. 

It is easily seen in the tables which follow (particularly for low-bandgap photovoltaic 

cells) that only very modest combustor open-hole areas are needed to provide electrical-power 

outputs commensurate with those being provided by alternators and generators on existing jet 

aircraft today. This means that existing jet engines may easily be retrofitted with 

modifications in the combustor/centerframe region only. Jet-engine modifications extending 

into the compressor region would be needed only in situations demanding the highest levels 

of performance. 



Column No. 1 2 3 4 5 6 7 8 9 

·~~7()Q 500 850 0.92 

:!:!li~IIig! ~~ :~~ ~:~~ 
\ /.7~JOO 500 850 0.92 
)L2,2QO 500 850 0.92 
.)~~j()() 500 850 0.92 
.(.~~400 500 850 0.92 

/·t,~()Q 500 850 0.92 

0.24 
0.44 
0.77 
1.28 
2.03 
3.09 
4.56 
6.52 
9.07 

:~t6,o6o 500 850 0.92 1206.7 

0.46 
0.87 
1.53 
2.56 
4.08 
6.26 
9.28 

13.34 
18.67 

2739.1 

51.0 
50.7 
50.3 
50.0 
49.7 
49.4 
49.1 
48.8 
48.5 

44.1 

47.4 
59.5 
73.9 
90.7 

110.3 
132.8 
158.7 
188.1 
221.5 

7348.3 

0.50.26 
0.70.49 
1.00.86 
1.4 1.4 
1.82.3 
2.3 3.4 
2.95.1 
3.5 7.2 
4.1 10.1 

16.4 
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* See Explanation for Table 1 (i.e., Column's Guide For Photo voltaic Cells With 
Bandgap ~ 1.45 e.V.) on page 169. 

** A 6,000 K source, while not realistic in jet engines, approximates the spectral radiant 
exitance of the sun (without atmospheric effects) and is included for comparison purposes. 
The values given in column 5 are the spectral radiant exitance (between >'1 and >'2) proximate 
a 6,000-K source. (The resulting amperes/cm2 are thus not plotted as they are too high to be 
realistic.) 



EXPLANATION FOR TABLE 1 

PHOTOVOLTAIC CELLS WITH BANDGAP ~ 1.45 e.V. 

Q!!umn No....l Al = Lower limit of spectral interval. 

Column No.2 A2 = Upper limit of spectral interval. 

Column No.3 Q.E. = 0.92 = Quantum efficiency averaged within the spectral interval 
Al to A2' Typical values for GaAs estimated from James and Moon, 1975, p. 406. 
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Column No.4 Watts available within spectral interval Al to A2 from representative one cm2 

photovoltaic cell with bandgap Eg ~ 1.45 e. V.. Directly obtained from either Equation A4 or 
Equation A5. Also obtained by multiplying values in column 5 by values in column 6. 
Voltage Factor (V.F.) = 0.9/1.45 = 0.62. 

Column No.5 Total watts/cm2 in spectral interval Al to A2' Directly obtained from 
Equation A3. 

Column No.6 Eff = Photovoltaic-cell conversion efficiency, the efficiency in the given 
spectral interval (AI to A2)' Normalization is by the total radiant power in the same spectral 
interval. Obtained from either Equation A I or Equation A2 or by dividing values in column 4 
by values in column 5. Voltage Factor (V. F.) = 0.9/1.45 = 0.62. 

Column No.7 Total watts/cm2 found from Equation A6 (0' -r), the well-known Stefan 
Boltzmann relationship. 

Column No.8 Overall photovoltaic-cell efficiency obtained from either Equation A 7 or 
Equation AS. Column 7 represents the proportion of photovoltaic-cell-generated power (per 
unit area) in the spectral interval Al to A2, normalized by the overall power (per same unit 
area) available from a blackbody source with the temperature specified and integrated over 
all wavelengths. The value of column 8 msy also be found by dividing the value of column 4 
by the value of column 7. 

Column No.9 The maximum expected output (amperes) for a one cm2 1.45 e.V. bandgap 
photovoltaic cell, with a source at the temperature indicated. 



0.69 
(Total) 

0.00236 
0.91 0.0214 
0.95 0.0901 
0.96 0.238 
0.91 0.44 
0.80 0.64 
0.36 0.41 

1.84 

» Explanation for Table(s) on page 174. 

0.0123 
0.0837 
0.288 
0.65 
1.14 
1.67 
2.16 
6.01 
(Total) 

19.3 47.4 
25.7 47.4 
31.3 47.4 
36.3 47.4 
38.9 47.4 
38.1 47.4 
18.9 47.4 

3.07 
. (Total) 
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500 
500 600 
600 700 
700 800 
800 900 
900 1,000 
1,000 1,100 

400 500 
:\,500 

:':: 600 
700 
800 

::.,}:,::::':::\:::::::::':: t,,900 1,000 
1,000 1,100 

,T:~~~?: . 
(K)\ 

.00530 

.0420 

.16 

.39 

.69 

.95 

.59 

r(I Explanation for Table(s) on page 174. 

0.0276 
0.164 
0.513 
1.08 
1.78 
2.48 
3.10 

19.1 110.3 
25.5 110.3 
31.2 110.3 
36.2 110.3 
38.8 110.3 
38.1 110.3 
18.9 110.3 

19.1 132.8 
25.5 132.8 
31.2 132.8 
36.2 132.8 
38.8 132.8 
38.1 132.8 
18.9 132.8 

0.0162 
0.102 
0.33 

70 
1.1 
1.4 
0.82 
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4.71 
, (Total) 

0.0358 
0.225 
0.72 
1.55 
2.48 
3.14 
1.82 
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500 0.040 0.066 
600 0.224 0.37 
700 0.67 1.11 
800 1.36 2.27 
900 2.08 3.46 
1,000 2.54 4.23 
1,100 1.43 2.39 

8.34 26 .61 .13.90 
(Total) 

400 500 19.0 188.1 
500 600 188.1 
600 700 188.1 
700 80C 188.1 
800 900 38.8 188.1 
900 1,000 38.0 188.1 
1,000 1,100 18.9 188.1 

11.35 
(Total) 

19.0 221.5 
221.5 
221.5 
221.5 
221.5 
221.5 

18.9 221.5 

25.16 
(Total) 

t) Explanation for Table(s) on page 174. 
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400 500 0.S2 IS0.53 976.98 7348.3 2.5 
500 600 0.91 239.34 957.90 7348.3 3.3 
600 700 0.95 254.38 825.86 7348.3 3.5 
700 800 0.96 241.54 672.59 7348.3 3.3 
800 900 0.91 206.38 534.86 7348.3 2.8 
900 1,000 O.SO 160.08 422.15 7348.3 2.2 
1,000 1,100 0.36 62.90 333.41 7348.3 0.86 

(I Explanation for Table(s) on page 174. 

•• A 6,000 K source, while not realistic in jet engines, approximates the spectral radiant 
exitance of the sun and is included for comparison purposes. The values given in column 5 
are the spectral radiant exitance (between .AI and .Aa) proximate a 6,000-K source. (The 
resulting amperes/cm2 are not plotted as they are too high to be realistic.) 
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EXPLANATION FOR TABLES 2 THROUGH II 

PHOTOVOLTAIC CELLS WITH BANDGAP F::$ 1.1 e.V. 

Column No. I ).1 = Lower limit of spectral interval. 

Column No.2 ).2 = Upper limit of spectral interval. 

Column No.3 Q.E. = Quantum efficiency averaged within the spectral interval ).1 to ).2' 

Typical values for silicon (Eg F::$ 1.1 e. V.), obtained from Rohatgi, 1985, p. 24, interpolation 
used as appropriate. 

Column No.4 Watts available within spectral interval ).1 to ).2 from representative one cm2 

photovoltaic cell with bandgap Eg F::$ 1.1 e.V .. Directly obtained from either Equation A4 or 
Equation AS. Also obtained by multiplying values in column 5 by values in column 6. 
Voltage Factor (V.F.) = 0.6/1.1 = 0.55. 

Column No.5 Total watts/cm2 in spectral interval ).1 to ).2' Directly obtained from 
Equation A3. 

Column No.6 Eff = Photovoltaic-cell conversion efficiency, the efficiency in the given 
spectral interval ().1 to ).2)' Normalization is by the total radiant power in the same spectral 
interval. Obtained from either Equation A I or Equation A2 or by dividing values in column 4 
by values in column 5. Voltage Factor (V.F.) = 0.6/1.1 = 0.55. 

Column No.7 Total watts/cm2 found from Equation A6 (u ~), the well-known Stefan 
Boltzmann relationship. 

Column No.8 Overall photovoltaic-cell efficiency obtained from either Equation A 7 or 
Equation A8. Column 8 represents the proportion of photovoltaic-cell-generated power (per 
unit area) in the spectral interval ).1 to ).2' normalized by the overall power (per same unit 
area) available from a blackbody source with the temperature specified and integrated over 
all wavelengths. The value of column 8 may also be found by dividing the value of column 4 
by the value of column 7. 

Column No.9 The maximum expected output (amperes) for a one cm2 1.1 e.V. bandgap 
photovoltaic cell, with a source at the temperature indicated. 



,.,.,.. .. _._, .. ~.",'."'".. 300 
400 

G'i/';7)::1~500 

i=? <·(·.·.~600 
?::?»=/}> , 700 

'800 
,900 
1,000 

· 1,100 
1,200 

: 1,300 
: 1,400 
· 1,500 
, 1,600 

,300 
'400 
500 

,,600 
'. 700 
800 

j900 
: 1,000 
" 1,100 
· 1,200 
, 1,300 
'.1,400 
, 1,500 
1,600 

400 
500 
600 
700 
800 
900 
1,000 
1,100 
1,200 
1,300 
1,400 
1,500 
1,600 
1,700 

400 
500 
600 
700 
800 
900 
1,000 
1,100 
1,200 
1,300 
1,400 
1,500 
1,600 
1,700 

0.32 0.000002 
0.43 0.00013 
0.45 0.0015 
0.58 0.010 
0.75 0.04 
0.81 0.10 
0.84 0.18 
0.87 0.30 
0.88 0.42 
0.88 0.55 
0.88 0.66 
0.88 0.77 
0.86 0.84 
0.72 0.76 

;4.63 
. (Total) 

0.32 0.000008 
0.43 0.00036 
0.45 0.0035 
0.58 0.021 
0.75 0.08 
0.81 0.17 
0.84 0.30 
0.87 0.47 
0.88 0.64 
0.88 0.80 
0.88 0.94 
0.88 1.06 
0.86 1.14 
0.72 1.02 

~ 6.64 
o (Total) 

I) Explanation for Table(s) on page 180. 

0.00005 
0.0018 
0.017 
0.07 
0.20 
0.40 
0.65 
0.93 
1.18 
1.41 
1.58 
1.71 
1.78 
1.82 

11.76 
(Total) 

0.000178 
0.00500 
0.0396 
0.152 
0.38 
0.70 
1.07 
1.45 
1.78 
2.05 
2.24 
2.36 
2.42 
2.43 

17.03 
(Total) 

4.3 
7.2 
9.0 
13.5 
20.0 
24.4 
28.3 
32.3 
35.7 
38.9 
42.0 
45.1 
47.1 
41.9 

4.3 
7.1 
9.0 
13.5 
20.0 
24.4 
28.3 
32.3 
35.8 
38.9 
41.9 
45.0 
47.1 
41.9 

47.4 
47.4 
47.4 
47.4 
47.4 
47.4 
41.4 
47.4 
47.4 
47.4 
47.4 
47.4 
47.4 
47.4 

59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 
59.5 

0.000005 
0.00028 
0.0032 
0.021 
0.09 
0.2 
0.4 
0.6 
0.9 
1.2 
1.4 
1.6 
1.8 
1.6 

0.000013 
0.0006 
0.006 
0.03 
0.13 
0.29 
0.51 
0.79 
1.07 
1.3 
1.6 
1.8 
1.9 
1.7 
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0.000005 • 
0.00031 
0.0037 
0.024 
0.096 
0.23 
0.44 
0.71 
1.01 
1.30 
1.58 
1.83 
2.00 
1.82 

11.04 
(Total) 

0.000018 
0.00085 
0.0084 
0.049 
0.18 
0.41 
0.72 
1.11 
1.52 
1.89 
2.24 
2.53 
2.71 
2.42 

15.79 
• (Total) , 
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0.000023 0.00054 4.3 73.9 0.00006 
0.00087 0.0123 7.1 73.9 0021 
0.0075 0.084 8.9 73.9 0.018 
0.039 0.29 13.5 73.9 0.09 
0.13 0.65 20.0 73.9 0.31 
0.28 1.14 24.4 73.9 0.66 

1,000 0.47 1.67 28.2 73.9 1.12 
1,100 0.70 2.16 32.3 73.9 1.66 
1,200 0.92 2.57 35.8 73.9 2.19 
1,300 1.11 2.87 38.8 73.9 2.65 
1,400 1.29 3.06 41.9 73.9 3.06 
1,500 1.42 3.16 45.0 73.9 3.39 
1,600 1.50 3.18 .0 73.9 3.56 
1,700 1.32 3.14 1.9 73.9 3.13 

23.99 1.84 
(Total) 

400 90.7 10-6 0.00015 
500 90.7 0.00002 0.0046 
600 90.7 16 0.035 
700 90.7 0.08 0.16 
800 90.7 0.24 0.51 
900 90.7 0.48 1.04 
1,000 90.7 0.77 1.66 

1,000 1,100 90.7 1.1 2.38 
. 1,100 1,200 90.7 1.4 3.05 

1,200 1,300 90.7 1.7 3.60 
1,300 1,400 .7 1.9 4.05 
1,400 1,500 90.7 2.0 4.40 
1,500 1,600 90.7 2.1 4.56 
1,600 1,700 7 1.8 3.95 

12.35 29.39 
(Total) (Total) 

l) Explanation for Table(s) on page 180. 



300 400 
400 500 
500 600 
600 700 
700 800 
800 900 
900 1,000 0.84 
1,000 1,100 0.87 
1,100 1,200 0.88 
1,200 1,300 0.88 
1,300 1,400 0.88 
1,400 1,500 0.88 
1,500 1,600 0.86 

. 1,600 1,700 0.72 

20.85 
(Total) 

r) Explanation for Table(s) on page 180. 

0.0037 
0.058 
0.30 
0.86 
1.70 
2.66 
3.56 
4.29 
4.81 
5.12 
5.24 
5.22 
5.09 

.89 

5.92 

57.33 
(Total) 

177 

4.2 132.8 3 X 10-6 .00086 
7.1 132.8 0.006 .0189 
8.9 132.8 0.04 11 
13.4 132.8 0.14 .44 
20.0 132.8 0.39 1.23 
24.4 132.8 0.70 2.23 
28.2 132.8 1.1 3.32 
32.3 132.8 1.4 4.44 
35.7 132.8 1.7 5.37 
38.8 132.8 1.9 6.08 
41.9 132.8 2.1 6.60 

132.8 2.2 6.95 
132.8 2.2 6.99 
132.8 1.9 5.91 
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400 0.00183 
500 0.0349 

500 600 0.186 
600 700 0.69 
700 800 1.79 
800 900 3.11 
900 1,000 4.48 
1,000 1,100 5.82 
1,100 1,200 6.89 
1,200 1,300 7.64 
1,300 1,400 8.17 
1,400 1,500 8.48 

. 1,500 1,600 8.42 
1,600 1,700 7.05 

62.76 
. (Total) 

400 0.0015 0.0365 4.2 188.1 0.0008 0.00367 
500 0.43 0.0257 0.364 7.0 188.1 0.014 0.0611 
600 0.45 0.125 1.41 8.9 188.1 0.066 0.297 
700 0.58 0.43 3.20 13.4 188.1 0.23 1.02 

700 800 0.75 1.06 5.32 19.9 188.1 0.56 2.52 
800 900 0.81 1.77 7.28 24.4 188.1 0.94 4.22 
900 1,000 0.84 2.48 8.78 28.2 188.1 1.3 5.89 
1,000 1,100 0.87 3.14 9.73 32.3 188.1 1.7 7.47 
1,100 1,200 0.88 3.63 10.17 35.7 188.1 1.9 8.65 
1,200 1,300 0.88 3.96 10.20 38.8 188.1 2.1 9.43 
1,300 1,400 0.88 4.17 9.94 41.9 188.1 2.2 9.93 
1,400 1,500 0.88 4.27 9.49 45.0 188.1 2.3 10.18 
1,500 1,600 0.86 4.20 8.93 47.0 188.1 2.2 10.00 
1,600 1,700 0.72 3.48 8.30 41.9 188.1 1.9 8.29 

32.74 93.14 77.96 
(Total) (Total) 

* Explanation for Table(s) on page 180. 
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300 400 0.00698 
400 500 0.10 
500 600 0.46 
600 700 1.47 
700 800 3.47 
800 900 5.60 
900 1,000 11.30 7.59 
1,000 1,100 12.23 .39 
1,100 1,200 12.54 10.67 
1,200 1,300 12.38 11.44 
1,300 1,400 11.91 11.88 
1,400 1,500 11.23 12.04 
1,500 1,600 10.46 11.71 
1,600 1,700 .64 

40.11 ·.95.45 
(Total) (Total) 

300 400 7348.3 
400 500 7348.3 1 
500 600 7348.3 1.1 
600 700 7348.3 1.5 
700 800 7348.3 1.8 
800 7348.3 1.8 
900 1,000 7348.3 1.6 
1,000 1,100 7348.3 1.5 

, 1,100 1,200 7348.3 1.3 
1,200 1,300 7348.3 1.1 
1,300 1,400 348.3 0.97 
1,400 1,500 7348.3 0.85 
1,500 1,600 348.3 0.72 
1,600 1,700 7348.3 0.53 

* See Explanation for Tables 12 through 21 (Le., Column's Guide For Photovoltaic Cells With 
Bandgap ~ 0.7 e.V.) on page 180. 

"'* A 6,000 K source, while not realistic in jet engines, approximates the spectral radiant 
exitance of the sun and is included for comparison purposes. The values given in column 5 are 
the spectral radiant exitance (between Al and Aa) proximate a 6,000-K source. (The resulting 
amperes/cm2 are thus not plotted as they are too high to be realistic.) 



EXPLANATION FOR TABLES 12 THROUGH 21 

PHOTOVOLTAIC CELLS WITH BANDGAP ~ 0.7 e.V. 

Column No.1 Al c: Lower limit of spectral interval. 

Column No.2 Aa = Upper limit of spectral interval. 
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Column No.3 Q.E. = Quantum efficiency averaged within the spectral interval Al to A2• 
Typical values for representative low-bandgap (Eg ~ 0.7 e.V.) photovoltaic cell estimated from 
best available sources, interpolation used as appropriate. . 

Column No.4 Watts available within spectral interval Al to A2 from representative one cm2 

photo voltaic cell with bandgap Eg ~ 0.7 e.V .. Directly obtained from either Equation A4 or 
Equation AS. Also obtained by multiplying values in column 5 by values in column 6. 
Voltage Factor (V.F.) c: 0.60 (Estimated). 

Column No.5 Total watts/cm2 in spectral interval Al to A2• Directly obtained from 
Equation A3. 

Column No.6 Eff c: Photovoltaic-cell conversion efficiency. the efficiency in the given 
spectral interval (AI to Aa). Normalization is by the total radiant power in the same spectral 
interval. Obtained from either Equation Al or Equation A2 or by dividing values in column 4 
by values in column 5. Voltage Factor (V.F.) = 0.60 (Estimated). 

Column No.7 Total watts/cm2 found from Equation A6 (u -r), the well-known Stefan 
Boltzmann relationship. 

Column No.8 Overall photovoltaic-cell efficiency obtained from either Equation A 7 or 
Equation A8. Column 8 represents the proportion of photovoltaic-cell-generated power (per 
unit area) in the spectral interval Al to A2• normalized by the overall power (per same unit 
area) available from a blackbody source with the temperature specified and integrated over 
all wavelengths. The value of column 8 may also be found by dividing the value of column 4 
by the value of column 7. 

Column No.9 The maximum expected output (amperes) for a one cm2 0.7 e.V. bandgap 
photovoltaic cell. with a source at the temperature indicated. 
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10.11 31.53 32.1 47.4 21.4 42.1 
12.98 41 31.2 59.5 21.8 54.1 
16.34 53. 30.4 73.9 22.1 68.1 
20.22 68.37 29.6 90.7 22.3 84.2 
24.66 85.61 28.8 110.3 22.4 102.8 
29.69 105. 28.1 132.8 22.4 123.7 
35.35 129.1 27.4 158.7 22.3 147.3 
41.66 155.99 26.7 188.1 22.1 173.6 
48.66 186.62 26.1 221.5 22.0 202.7 

500 3,100 0.85 842.52 5210.89 16.2 7348.3 11.5 

>I< See Explanation for Table 22 (i.e., Column's Guide For Photovoltaic Cells With 
Bandgap R:$ 0.4 e.V.) on page 182 . 

• * A 6,000 K source, while not realistic in jet engines, approximates the spectral radiant 
exitance of the sun and is included for comparison purposes. The values given in column 5 
are the spectral radiant exitance (between Al and A2) proximate a 6,000-K source. (The 
resulting amperes/cm2 are thus not plotted as they are too high to be realistic.) 



EXPLANATION FOR TABLE 22 

PHOTOVOLTAIC CELLS WITH BANDGAP ~ 0.4 e.Y. 

Column No.1 >'1 = Lower limit of spectral interval. 

Column No.2 >'2 = Upper limit of spectral interval. 

IS2 

Column No.3 Q.E. = Quantum efficiency averaged within the spectral interval >'1 to >'2' 
Typical values for 0.4 e.V. bandgap photovoltaic cell estimated at O.SS. While a uniform Q.E. 
of O.SS is not realistic for all wavelengths, the photon responsivity term >.j>'s in the 
appropriate equations effectively damps out the short-wavelength terms, a compensating 
effect. 

Column No.4 Watts available within spectral interval >'1 to >'2 from representative one cm2 

photovoltaic cell with bandgap Eg ~ 0.4 e.V .. Directly obtained from either Equation A4 or 
Equation AS. Also obtained by multiplying values in column 5 by values in column 6. 
Voltage Factor (V.F.) = 0.60 (Estimated). 

Column No.5 Total watts/cm2 in spectral interval >'1 to >'2' Directly obtained from 
Equation A3. 

Column No.6 Eff = Photovoltaic-cell conversion efficiency, the efficiency in the given 
spectral interval (>'1 to >'2)' Normalization is by the total radiant power in the same spectral 
interval. Obtained from either Equation Al or Equation A2 or by dividing values in column 4 
by values in column 5. Voltage Factor (V.F.) = 0.60 (Estimated). 

Column No.7 Total watts/cm2 found from Equation A6 (u -r), the well-known Stefan 
Boltzmann relationship. 

Column No, S Overall photovoltaic-cell efficiency obtained from either Equation A 7 or 
Equation AS. Column S represents the proportion of photovoltaic-cell-generated power (per 
unit area) in the spectral interval >'1 to >'2' normalized by the overall power (per same unit 
area) available from a blackbody source with the temperature specified and in!egrated over 
all wavelengths. The value of column S may also be found by dividing the value of column 4 
by the value of column 7, 

Column No, 9 The maximum expected output (amperes) for a one cm2 0.4 e,V. bandgap 
photovoltaic cell, with a source at the temperature indicated. 



APPENDIX B 

Program 1 

Calculator: Hewlett Packard 28S (HP-28S) 

Solutions to loop equations (from Chapter 4): 

Program No.1 (from Equation 4.23): 

C?c = T j - Te - Qw (~ + Ro) - (Qpv) (Ro) 

Ro+Rci + Rw 

Program No.2 (from Equation 4.24): 

with Qc from Program No. I substituted in. 

Program No.3 (from Equation 4.22): 

with Qc from Program No. I substituted in. 
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BI 

B2 

B3 

Procedure: Store the above equations and parameters in user-labeled storage registers. Solve 

equations using standard HP-28S techniques. Other modern calculators employ similar 

procedures. 



Parameters/Storage Registers: 

Parameter/Storage Register 

Ro 

Rl 

R2 

Rs 

R4 

Rs 

Ra 

R7 

Program 2 

Calculator: Hewlett Packard 67 (HP-67). 

Reference: Doellner, 1979, p. 97-99. 

Storage Registers: As in Program 1 above. 

Calculator Program: 

001 LBLA 
RCL2 
RCL6 
X 
RCL4 
+ 
RCLO 
RCL6 
X 

31 25 11 
3402 
3406 
71 
3404 
61 
3400 
3406 
71 
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Symbolism(s) Units 

Rjp+ Rce (hroF/Btu) 

Rei (hroF/Btu) 

Rw (hroF/Btu) 

Tj eF) 

Te (OF) 

-- --
Q2=Qw (Btu/hr) 

Qs = Qpv (Btu/hr) 
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010 + 61 
RCLO 3400 
RCL7 3407 
X 71 
+ 61 
RCL 1 3401 
X 71 
RCL2 3402 
RCL3 3403 
X 71 

020 + 61 
RCLO 3400 
RCL3 3403 
X 71 
+ 61 
RCL 1 3401 
RCL2 3402 
RCLO 3400 
+ 61 
+ 61 

030 + 81 
ST05 3305 
RCL3 3403 

51 
CHS 42 
RCL 1 3401 
+ 81 
ST08 3308 
RCL2 3402 
X 71 

- 040 CHS 42 
RCL5 3405 
+ 61 
RCL2 3402 
RCL6 3406 
X 71 

51 
R/S 84 
3 03 
2 02 

050 51 
5 05 
X 71 
9 09 
+ 81 
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R/S 84 
RCL8 3408 
RCL6 3406 
RCL7 3407 
+ 61 

060 + 61 
R/S 84 

Procedure: 

1) Initialize by pressing A-first readout gives T pv in of. 

2) Press R/8-5econd readout gives T pv in DC. 

3) Value of Q1 = Qc is left in storage register Rs. 

The above procedures/programs (Program 1 and Program 2) are convenient because 

they simulate the equivalent circuit of Figure 4.4, p. 117, for any values of circuit parameters 

stored in the storage registers. 
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