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ABSTRACT

The Study on Hydrogen Generation System from
Solid—-State NaBH, for UAV Applications.

by Lee, Chung Jun
Advisor : Prof. Kim, Taegyu, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

This paper consists of the two major subjects. One of the subjects is how to
direct-decompose the solid-state NaBH; and which parameters affect the
performance of the hydrogen generation. Other one is design and evaluate
performance of the solid-state NaBH, hydrogen generator for UAV applications.

Fuel-cells convert chemical energy directly into electrical energy without the
combustion and mechanical energy conversion process. As a result, a fuel cell is
not governed by thermodynamic laws, such as the Carnot efficiency associated
with heat engines, currently used for power generation. So, this can achieve high
efficiencies in energy conversion terms, especially where the waste heat from the
cell is utilized in cogeneration situation. This means high power density allows fuel
cells to be relatively compact source of electric power, beneficial in lots of
applications. And due to their nature of operation, are extremely quiet in operation.
This allows fuel cells to be used in residential or built-up areas where the noise
pollution is undesirable. For this reasons, fuel-cell power system increase the flight

endurance of the UAV and achieve more stealthier operations in battlefields.
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Based on this characteristics, fuel-cell power system was commercialized for
UAV application. This commercial system using the hydride—catalyst method or
compressed hydrogen bottle for hydrogen supply to fuel-cell. But, this hydrogen
generation or supply systems has lots of weight and safety penalties.

Direct decomposition method of the solid-state NaBHs for hydrogen generation
was based on physical properties of the NaBH; between pH and half-life times.
When using the diluted hydrochloric acid for decrease the pH, hydrogen was
rapidly generated on the reactor. And this hydrogen generation rate was increased
with the feed rate and concentration of hydrochloric acid, while not be affected by
the reaction temperature. However, internal pressure and flow rate of the generated
hydrogen was dramatically changed by hydrogens.

For stabilize this flow characteristics, sell—pressurized reactor and flow/pressure
limitation systems was applied on hydrogen generator what using the solid-state
NaBH.. Supply hydrogen flow rate was stabilized by self-pressurized reactor with
flow control method. However, supply pressure still dramatically changed without
pressure regulation. By using pressure regulating method, supply pressure was
stabilized and damage of fuel-cells was prevented.

Anti—freezing agent was added to the acid for below zero-temperature condition
experiment. Hydrogen generation performance was maintained at -35C, using the
solid-state NaBH, with acid. Hydrogen generation and supply systems what based
on solid-state NaBHi can increase the operation range of the environments for
future fuel-cell UAVs. Because this is not governed by environment.

Based on this result, design the hydrogen generation and supply systems and

evaluate performance of this systems.
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Table 3. Hydrogen generation rate from different injection speed of
Hydrochloric Acid

=i Ay A A E
(ml/h) (ml) (%)

1 185.72 72.16
3 203.79 79.18
5 253.72 9857
10 239.90 93.21
20 276.98 10761
40 278.38 108.16
60 310.21 12052

120 310.19 120.51

Atk
olof thal A Bt A 9l SRy Y& v Aol thd XRD(X-Ray
Diffraction) = EDS(Energy Dispersive Spectrometer)¥-412 33dle] 1 A=

Figure 113} Figure 120] &3} t}.
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Table 4. Hydrogen generation rate from different concentrations of

Hydrochloric Acid
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Table 7. Properties of anti—freezing agents

Diethylene Glycol
Propylene Glycol Etylene Glycol
Monomethyl Ether
CAS
57-55-6 111-77-3 107-21-1
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3}eh2) C3HzO2 CsHi1203 CaHs02
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S A Y3t DIEGME(Diethylene Glycol Monomethyl Ether)®t Ethylene Glycol®] 73-$-
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Table 11. Compare the hydrogen supply characteristics of hydrogen

generation system at each supply ratio

T £= kA G E NaBH,
(ml/min) (ml) (%) AHE =
200 11285.71 87.69 bg
400 23470.777 91.18 10g
600 36974.83 95.77 15¢
300 48928.40 95.04 20g
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Table 12. Compare the hydrogen supply characteristics of hydrogen

generation system at each concentrations
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Table 13. Compare the Hydrogen generation characteristics about acid

resisting properties of HCIl containers

Aluminium Polyethylene
Container Container
R
48928.4 49910.68

(ml)
TYE
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(1)

Reactor

(2)

Reactor

Figure 44. Diagram of the different air flow for cooling

Table 14. Effect of the different air flow

L 22 Ag | g 45 |99 agow 9gas
7 2=t} O = yglak ~ 670
Sl (W) (‘C/min) (‘C-W/min)
90mm
T3 24 2.195 91.46
2 Fan
90mm g
224 Fan T8 0.81 2.13 262.96
90mm g
224 Fan T8 0.42 1.885 44881
90mm .
224 Fan T4 0.83 2.08 250.6
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Figure 45. Internal temperatures of the systems on different fan operation

environments (Operation voltage : 11.1V)
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Figure 46. Internal temperatures of the systems on different fan operation

environments (Operation voltage : 6.0V)
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Figure 47. Internal temperatures of the systems on different fan operation
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Figure 48. Internal pressure of the systems on fan—off condition
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Figure 50. Hydrogen generation characteristics of the systems when different

pressurization conditions (1.35Bar)
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Figure 51. Hydrogen generation characteristics of the systems when different

pressurization conditions (1.20Bar)

Table 15. Hydrogen generation rate when different pressurization conditions

7 A A A E
(Bar) (ml) (%)
1.60 23470.77 91.18
1.35 24206.39 94.05
1.20 24143.69 93.80

_78_



3}

©

Figure 49%-8 Figure 513} Table 15°] Z A

T

R

23}
1 FAL MR T ek Asd AE SRsh =) us

A4

1=
T~

N
Ho

A

Ho
s

"

"k

‘ﬂw.ﬂo

o]

A

3

o] TeEAY

A

Ho

e

O

At

A

[ox]

5

©

A==,

k)

| HE

_79_

)

skl Huh A4A

S

74

[e]

=

=

Ay



X
30,
3%
N

| wlZol ol& Zutew = =
71273+ Propylene Glycol # 7} wh& <t Botxl & ko
E gQlstr] 91§ HEds stk

AL A otdfet 22 £HES ¥k FHE S8

Table 16. Experiments for internal pressure stabilization

oF orm
AT 9= 48 9 w3
a9l | 160 | 1x A% - 1= o | Az dele
a92 | 120 | 1% &% - 1% 7] | heel me o aw
293 | 120 | 1= A% - 3% 07l | 9= Aol we 9w

WoAge oF 147 Bob /MY AmAXst A00mYmind F4 f S a7 A3

o
ol

S 7hgstR e, 8 EBobd dAbol #ASEH T Propylene Glycols 7k dAke

o] &3] A¥L zdslar 1 AI}E Figure 5245 B Figure 559 ZA A A 25l ).

_80_



80

—— Reactor
Control Board
70 4 Front-Top

—— Rear-Top
—— HCI Bottle

’g“ 60 - —— Hydragen

7

©

O 504

o

=]

© 40

©

c

£

2 464

T
0 500 1000 1500 2000 2500 3000 3500

Time (sec)

Figure 52. Temperature characteristics of the systems during the pressure

stabilization experiments (Pressurization : 1.20Bar)
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Figure 53. Pressure characteristics of the systems during the pressure

stabilization experiments (Pressurization : 1.20Bar)
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Figure 54. Temperature characteristics of the systems during the pressure
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Figure 55. Pressure characteristics of the systems during the pressure
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Table 17. Technical specifications of the H-100 Fuel Cell

PEM

24

100W

144V @ 72A

12V

12V

12V

Hydrogen and Air

5to 30T

65T

0.45~0.55 Bar

> 99.995% dry H:

self-humidified

Air (integrated cooling fan)

960 grams (+50grams)

400 grams (+30grams)

130mm x 112Zmm % 95mm

1.4 ¢ /min

IA

30s at ambient temperature

40% @ 14.4V

12V

12A

65T

13V (£1V), < 5A
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Figure 58. Load patterns for the overall characteristics of fuel-cell

operations

_89_



22 80

Power b

20 % o Voltage
- 60

- 40

Voltage (V)
Power (W)

F 20

12 T T T 0
0 2 4 6

Current (A)

Figure 59. The V-I slope of the fuel-cell (H; source : high pressure bottle)

Table 18. Overall characteristics of the fuel-cell
(H:2 source : high pressure bottle)

A5 (A) A4V) AEH W)
0 20.324 0.02
0.499 18.516 9.254
0.998 17.8176 17.778
1.497 17.0612 25.554
1.996 16.483 32.896
2.495 15.8908 39.646
2.993 1540775 46.13
3.496 14.8198 51.806
3.9946 14.3624 o571.37
4.4946 13.7834 61.95
5.495 12.9 70.882
6.0014 12.393 74372
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Figure 60. The V-I slope of the fuel-cell (I: source : Hydrogen generator)

Table 19. Overall characteristics of the fuel-cell

(H: source : Hydrogen generator)

A5 (A) A4V) AEH W)
0 20.756 0.016
0.499 18.9316 9.462
0.998 18.3532 18.312
1.497 17.4808 26.182
1.996 16.915 33.756
2.495 16.3736 40.846
2.993 16.0245 47975
3.4958 15.1484 52.952
3.9944 14.993 59.886
4495 14.565 65.468
5.495 13.8322 '76.004
6.002 13.3046 79.85
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Table 20. Experiment patterns of the fuel-cell operations
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Figure 62. The V-I slope of the fuel-cell that operated by hydrogen

generator (1st cycle)
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Figure 63. The V-I slope of the fuel-cell that operated by hydrogen
generator (2nd cycle)
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Figure 64. The V-I slope of the fuel-cell that operated by hydrogen

generator (3rd cycle)
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Figure 65. The V-I slope of the fuel-cell that operated by hydrogen
generator (4th cycle)
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Figure 66. The V-I slope of the fuel-cell that operated by hydrogen
generator (5th cycle)
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Figure 67. The V-I slope of the fuel-cell that operated by hydrogen
generator (6th cycle)
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Figure 68. The V-I slope of the fuel-cell that operated by hydrogen
generator (7th cycle)
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Figure 69. The V-I slope of the fuel-cell that operated by hydrogen
generator (8th cycle)
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Figure 70. The V-I slope of the fuel-cell that operated by hydrogen
generator (9th cycle)
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Figure 71. The V-I slope of the fuel-cell that operated by hydrogen
generator (10th cycle)
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Figure 72. The V-I slope of the fuel-cell that operated by hydrogen
generator (11th cycle)
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Figure 73. The V-I slope of the fuel-cell that operated by hydrogen
generator (12th cycle)
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Figure 74. The V-I slope of the fuel-cell that operated by hydrogen
generator (13th cycle)
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Figure 75. The V-I slope of the fuel-cell that operated by hydrogen
generator (14th cycle)
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Figure 76. The V-I slope of the fuel-cell that operated by hydrogen
generator (15th cycle)
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Figure 77. The V-I slope of the fuel-cell that operated by hydrogen
generator (16th cycle)
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Figure 78. The V-I slope of the fuel-cell that operated by hydrogen
generator (17th cycle)
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Figure 79. The V-I slope of the fuel-cell that operated by hydrogen
generator (18th cycle)

- 103 -



o]

SHA

e Bt A

S

Figure 62455 Figure 797} A 2]

—_
"o

o]

o]

ol
o)
o
ol
RS
)

—
"o

12, 15914 Apo]Zol A

s K Figure 303 £t}

o u5s

2 Apol 23} 68l Abo] 2

30

25

o™

(9) doig 1amod

T T
(=] w0 Q wn [=]
— —

05 10 15 20 25 30 35 40 45 50 55 6.0
Load (A)

0.0

Figure 80. Compare the power drop characteristics on max power condition

AR

3

Figure 804 & <=

7F

==
==

/\o]-

oA 10% o]

t 5.5A

i

A
=

30ART #Hia 8o

B

A

ol

B
e

-

ey
o

%

o
T
iz
ol

- 104 -



=

=

WA NaBH,

sy
-

Apol o
FAZ 4D nh was

=
=

A Al EFE 9EE 03~04Barol A 0.45~0.50Bar7bA] A

Az spetE vt wepA 1A Ato] 23 12017 Apo]

pin
L

)=

AT

4
ol
o)
o
el
RS
)

il

X
0

- 105 -

o] wFo]lBd NaBH.7}



40 80

70
30 - - 60
i, - 50
& =
% 20 40 s
7 B (4]
- :
o
o
-~ L 30
4 Voltage
10 20
10
0 T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20

TestCycle

Figure 81. The voltage and power characteristics of the fuel-cell that

operated by hydrogen generator (max power condition)

40 80

30 o - 60

Power &

W

4 Voltage

Voltage (V)
Power (W)

0 T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20

Test Cycle

Figure 82. The voltage and power characteristics of the fuel-cell that

operated by hydrogen generator (cruise condition)
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Cycle 1 Cycle 2

7 St L] 7 St L]
0.000 20.760 0.020 0.000 20.748 0.020
0.499 18.416 9.200 0.499 18.751 9.360
0.998 18.371 18.328 0.998 18.330 18.290
1.497 17.547 26.278 1.497 17.923 26.843
1.996 17.197 34.320 1.996 17.153 34.234
2.495 16.477 41.104 2.495 16.792 41.890
2.993 16.206 48514 2.993 16.117 48.250
3.496 15.485 54.126 3.495 15.867 55.458
3.995 15.280 61.032 3.994 15.170 60.594
4.494 14.604 65.638 4.495 14.815 66.590
5.003 14.375 71.908 5.003 14.249 71.280
5.495 13.778 75.708 5.495 14.007 76.963




Cycle 3 Cycle 4
7 At L] 7 At L]
0.000 20.754 0.020 0.000 20.816 0.020
0.499 19.085 9.528 0.499 19.312 9.632
0.998 18.577 18.535 0.998 18.448 18.406
1.497 17.712 26.526 1.497 17.932 26.858
1.957 17.290 33.832 1.996 17.247 34.420
2.495 16.587 41.380 2.495 16.709 41.686
2.993 16.268 48.702 2.993 16.249 48.648
3.496 15.557 54.384 3.496 15.818 55.298
3.851 15.274 58.794 3.994 15.272 61.002
4.495 14.629 65.754 4.495 14.850 66.742
5.003 14.356 71.820 5.003 14.346 71.764
5.495 13.821 75.946 5.495 13.891 76.330
Cycle 5 Cycle 6

7 At L] 7 At L]
0.000 20.350 0.020 0.000 19.682 0.008
0.399 15.818 7.894 0.499 17.668 8.812
0.998 17.777 17.736 0.998 16.829 16.790
1.497 17.113 25.630 1.497 15.778 23.628
1.996 16.431 32.790 1.996 15.171 30.278
2.495 15.865 39.578 2.495 14.291 35.654
2.993 15.229 45.592 2.993 13.653 40.873
3.451 14.710 50.758 3.495 12.860 44.946
3.994 14.091 56.272 3.994 12.309 49.158
4.495 13.498 60.666 4.494 11.627 52.247
5.003 12.939 64.728 5.002 11.105 55.547
5.495 12.149 66.752 5.495 10.162 55.835




Cycle 7 Cycle 8
7 At L] 7 At L]
0.000 19.865 0.004 0.000 19.988 0.004
0.499 18.102 9.028 0.499 18.384 9.168
0.998 17.136 17.096 0.998 17.431 17.392
1.497 16.377 24.526 1.497 16.748 25.082
1.996 15.628 31.190 1.996 16.032 31.994
2.495 15.003 37.428 2.495 15.498 38.664
2.993 14.268 42.712 2.993 14.772 44.223
3.495 13.544 47.335 3.495 14.289 49.936
3.994 13.042 52.088 3.994 13.603 54.328
4.494 12.464 56.010 4.494 13.224 59.434
5.002 11.994 59.988 5.002 12.533 62.692
5.494 11.562 63.515 5.494 12.247 67.282
Cycle 9 Cycle 10

7 At L] 7 At L]
0.000 20.272 0.020 0.000 20.328 0.020
0.499 18.829 9.392 0.499 18.631 9.292
0.998 17.725 17.682 0.998 17.835 17.796
1.497 17.027 25.502 1.497 17.003 25.468
1.996 16.367 32.664 1.996 16.489 32.906
2.495 15.940 39.768 2.495 15.729 39.240
2.993 15.164 45.396 2.993 15.253 45.666
3.495 14.717 51.436 3.495 14.451 50.504
3.994 13.991 55.880 3.994 14.018 55.986
4.494 13.431 60.356 4.494 13.213 59.382
5.002 12.688 63.470 5.002 12.588 62.968
5.495 12.478 68.558 5.494 11.891 65.328




Cycle 11 Cycle 12
7 At L] 7 At L]
0.000 20.316 0.020 0.000 20.118 0.020
0.499 18.588 9.272 0.499 18.448 9.200
0.998 17.576 17.538 0.998 17.448 17.408
1.497 17.098 25.610 1.497 16.815 25.184
1.996 16.554 33.038 1.996 16.048 32.030
2.495 15.897 39.658 2.495 15.475 38.608
2.993 15.424 46.176 2.993 14.846 44.444
3.495 14.742 51.522 3.495 14.292 49.950
3.994 14.310 57.150 3.994 13.748 54.906
4.494 13.668 61.420 4.494 13.263 59.600
5.002 13.147 65.763 5.002 12.701 63.534
5.494 12.514 68.754 5.494 12.053 66.220
Cycle 13 Cycle 14

7 At L] 7 At L]
0.000 20.089 0.000 0.000 20.166 0.008
0.499 18.466 9.208 0.499 18.708 9.328
0.998 17.308 17.268 0.998 17.629 17.590
1.497 16.896 25.306 1.497 17.099 25.610
1.996 16.186 32.300 1.996 16.284 32.498
2.494 15591 38.894 2.495 15.838 39.513
2.993 14.933 44.704 2.993 15.088 45172
3.495 14.423 50.406 3.495 14.647 51.188
3.994 13.832 55.242 3.994 13.978 55.828
4.494 13.217 59.394 4.494 13.556 60.923
5.002 12.330 61.668 5.002 12.962 64.836
5.494 12.378 68.008 5.494 12.595 69.200




Cycle 15 Cycle 16
7 At L] 7 At L]
0.000 19.075 0.000 0.000 19.962 0.010
0.499 16.950 8.454 0.499 17.960 8.958
0.998 15.642 15.605 0.998 17.251 17.212
1.497 14.777 22.132 1.497 16.649 24.935
1.996 13.738 27.418 1.996 15.779 31.490
2.495 13.017 32.476 2.495 15.229 37.992
2.993 11.722 35.092 2.993 14.463 43.300
3.496 8.876 31.023 3.496 13.980 48.868
0.000 0.000 0.000 3.995 13.149 52.528
2711 0.149 0.443 4.495 12.741 57.263
0.000 0.000 0.000 5.003 11.973 59.902
0.032 0.000 0.000 5.495 11.679 64.176
Cycle 17 Cycle 18

7 At L] 7 At L]
0.000 20.148 0.020 0.000 20.262 0.020
0.499 18.430 9.192 0.499 18.617 9.284
0.998 17.665 17.624 0.998 17.751 17.712
1.497 16.875 25.274 1.497 17.053 25.540
1.996 16.301 32.532 1.996 16.354 32.638
2.495 15.585 38.878 2.495 15.690 39.143
2.985 15.020 44.966 2.993 15.099 45.206
3.496 14.330 50.094 3.496 14.438 50.472
3.995 13.775 55.026 3.995 13.739 54.884
4.495 13.208 59.368 4.495 13.078 58.786
5.003 12.633 63.198 5.003 12.768 63.874
5.495 12.010 65.996 5.495 11.996 65.914
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a. Maximum load conditions

Cycle i et A
1 5.373 13.853 75.563
2 5.257 14.022 73.362
3 5.299 13.919 75.311
4 5.459 13.796 75.802
5 3.529 7.383 39.168
6 2.552 5476 28.472
7 5.122 11.089 60.471
8 5.375 12.188 65.392
9 5.446 12.145 66.549
10 5.494 11.956 65.685
11 3.685 6.375 34.656
12 5.460 12.037 66.111
13 5.491 12.303 67.553
14 5.241 12678 67.384
15 1.778 2.445 12.855
16 5.342 11.904 64.297
17 5.310 12.222 65.055
18 5.348 12.291 66.255




b. Cruising load conditions

Cycle a7 At A
1 2.799 14.475 42.934
2 2.975 15.823 47.341
3 2.990 15.970 47.764
4 2.935 16.236 47.652
5 2.935 14.459 43.053
6 2.620 11.820 34.931
7 2.839 13.561 40.434
8 2.946 15120 44.495
9 2.945 14.962 43.853
10 2.951 15.161 45.130
11 2.960 14.834 44.002
12 2.963 14.898 44,251
13 2.943 15178 44.646
14 2.951 15.041 44913
15 2.957 12.794 38.383
16 2.965 14.676 43.814
17 2.959 14.933 44.323
18 2.914 13.906 41.295
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