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Air to Water Intercooler for Multi—stage Turbocharger Design and
Analysis of the Hydrogen Reciprocating Engine for HALE UAV
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ABSTRACT

The intercooler system to reduce inlet temperature into the turbocharger of HALE UAVs is indispensable in operating the
reciprocating engine under low static pressure conditions. This system is generally divided into air-to-air and air-to-water according
to the coolant material. There are pros and cons associated with each intercooler system used for HALE UAVs. To investigate
the characteristics of each intercooler system, weight estimation and performance analysis were conducted at altitudes of 50,000
ft and 60,000 ft. The air-to-water intercooler has a weight similar to the air-to-air intercooler at 50,000 ft. Conversely, the weight
required for the air-to-water intercooler system is 10 kg greater than that for the air-to-air intercooler under the 60,000 ft condition
because the radiator weight required for the air-to-water intercooler at 60,000 ft is greater than that at 50,000 ft due to low ambient
pressure . In addition, the characteristics of air-to-water intercooler systems were studied using different antifreeze materials. It was

determined that air-to-water intercooler using ethylene glycol exhibits lighter system weight than propylene glycol.
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Table 1 Multi—stage turbocharger performance of the HALE UAV

(50,000 ft)
Entrance Exit
P [kPa] T [K] P [kPa] T K]
LP 11.32 216.65 32.37 317.80
IP 29.14 279.85 71.77 359.46
HP 64.59 290.60 187.97 428.87
Engine 169.17 296.51
Ak, 1P F7K, HP © 31SHE, RAD : etjofol]

Table 2 External configuration of the intercooler and radiator core

LP 1P HP Radiator
L, 0.30 m (12%) | 0.23 m (9%) 0.23 m (9%) 0.10 m
L, 0.15 m (6) | 0.09 m (3.5) | 0.09 m (3.5¢)| 1.00 m

L, : Cold flow length
L, : Hot flow length

Table 3 Internal configuration of the water—cooled intercooler

Configuration LP/IP/HP RAD
Cold fin spacing 2.00 mm 2.00 mm
Hot fin spacing 2.00 mm 2.00 mm

Cold plate spacing 3.00 mm 6.00 mm
Hot plate spacing 6.00 mm 3.00 mm
Cold fin thickness 0.10 mm 0.10 mm
Hot fin thickness 0.10 mm 0.10 mm

Plate thickness 0.50 mm 0.50 mm

Cold fin offset length 1.00 mm 2.00 mm
Hot fin offset length 2.00 mm 1.00 mm
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Table 4 Volume and Weight estimation (Propylene Glycol Frame weight

50 %) @ 50,000 ft a5
Station Stack Water Frame 4 s T
layer [ea] weight [kg] weight [kg] '63'5 .f"/
LP 8 1.09 171 ? *
P 17 1.01 1.56 ol
HP 21 124 1.92 R
RAD 18 265 4.05 éji e
Table 5 Volume and Weight estimation (Ethylene Glycol 50 %) O'Z
@ 50,000t 0 50 100 150 200 250
. Stack Water Frame Volume flow rate [Ipm]
Station layer [ea] weight [kg] | weight [ke] e ICL =imen €2 ——IC3 - — Radiator
LP 7 0.96 1.50 Fig. 8 Frame weight variation according to the volume flow
IP 15 0.90 1.38 rate into the each intercooler and radiator @ 50,000 ft
HP 20 1.19 1.83
RAD 17 2.51 3.83
Coolant weight
Table 7 Multi-stage turbocharger performance of the HALE !
UAV (60,000 ft) 25 e T
Entrance Exit ¢ 2
P [kPa] T [K] P [kPa] T K] -g‘.‘l_ﬁ \
LP 7.34 216.65 23.13 328.72 E “i_
1P 20.82 272.68 65.16 412.82 T& 1 eI
HP 58.64 295.12 188.83 451.21 uﬂ.ﬁ
Engine 169.94 298.75 0
0 50 100 150 200 250
4. IE;'Z!'-JF _g_a_ "I?r ‘0“ [I:I'E % i__l‘ AI*EAI Velume flow rate [lpm]
M=p) =2 m) L PP €2 ——1C3 —-- — Radiator

Fig. 9 Coolant weight variation according to the volume
flow rate into the each intercooler and radiator @ 50,000 ft
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Table 6 System weight according to the volume flow rate
of intercooler @ 50,000 ft

LP [lpm] IP [Ipm] HP [Ipm] Total weight [kg]
5 5 5 17.82
10 5 5 16.83
10 10 10 14.93
20 10 10 14.59
20 15 15 14.39
20 20 20 14.10
30 20 20 14.10
30 20 30 13.96
30 30 30 13.97
40 30 30 13.97
40 30 40 13.82
40 40 40 13.67
50 40 40 13.67
50 40 50 13.67
50 50 50 14.03
60 60 60 14.03
70 70 70 14.03
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Fig. 12 Coolant weight variation according to the volume
flow rate into the each intercooler and radiator @ 60,000 ft
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Coolant air according te the stack height
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g. 16 Coolant air according to the stack height

Radiator weight accerding to the cold flow length
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Fig. 17 Radiator weight according to the coolant flow length
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Table 8 Radiator performances according to the coolant flow length

Coolant Stack ) Water Frame Total
length height | P, , | m, | weight | weight | Weight
ml | [m] ' kel | [ke] | [kel
0.02 0.61 777 | 2.84 3.62 5.43 9.04
0.03 0.44 7.56 | 2.05 391 5.89 9.80
0.04 0.35 7.33 | 1.63 4.15 6.25 10.40
0.05 0.30 7.10 | 1.40 445 6.71 11.16
0.10 0.20 575 | 0.93 5.93 8.99 14.92

Table 9 Quasi 1—Dimensional analysis results of the heat
exchanger system (50,000 ft)

L, K] | B [kPa] |y | T0,[K] | 7, [kPa]
LP 278.89 30.99 0.87 275.09 125.66
P 290.37 71.57 0.80 276.59 128.06
HP 428.87 187.91 0.85 279.76 128.65
RAD 273.12 75.14 0.07 242.99 11.45

Table 10 Quasi 1-Dimensional analysis results of the heat
exchanger system (60,000 ft)

T, Kl | By, [KPa] | nyy | T[K] | £, [kPa]
LP 272.28 23.13 093 | 271.92 127.36
P 294.44 65.16 0.82 | 279.92 129.05
HP 298.68 188.83 | 0.83 | 28329 129.22
RAD | 267.98 12907 | 0.16 | 245.72 7.10

Table 11 External configuration of the heat exchanger
system and each volume flow rate (50,000 ft)

LP IP HP RAD
L, 0.30 m 023 m 023 m 0.05m
L, 0.15m 0.09 m 0.09 m 1.00 m
L 0.07 m 0.14 m 0.18m 0.17m
Volume flow
rate 40 LPM 40 LPM 40 LPM 120 LPM

Table 12 External configuration of the heat exchanger
system and each volume flow rate (60,000 ft)

LP IP HP RAD
L 0.30m 023 m 023 m 0.05m
L, 0.15m 0.09 m 0.09m 1.00 m
L 0.12m 0.16 m 0.17m 0.30 m
Volume flow
oo 30 LPM 20 LPM 20 LPM 70 LPM

Table 9%} Table 109] A &3}%
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Table 13 HX system weight and volume (50,000 ft)

Coolant Frame Coolant

+Frame

Weight Volume Weight Volume Weight

LP | 096 kg | 0.0090 m’ | 1.50 kg | 0.0006 m’ | 2.46 kg

IP | 0.84 kg | 0.0008 m’ | 1.29 kg | 0.0005 m’ | 2.13 kg

HP | 1.08 kg | 0.0010 m’ | 1.65 kg | 0.0006 m’ | 2.73 kg
RAD | 252 kg | 0.0023 m’ | 3.83 kg | 0.0014 m’ | 635 kg
5.40 kg 8.27 kg 13.67 kg

Table 14 HX system weight and volume (60,000 ft)

Coolant Frame Coolant

+Frame

Weight Volume Weight Volume Weight

LP | 165 kg | 0.0015 m’ | 2.53 kg | 0.0009 m® | 4.18 kg

IP | 096 kg | 0.0009 m’ | 147 kg | 0.0005 m’ | 243 kg

HP | 1.01 kg | 00010 m* | 1.56 kg | 0.0006 m’ | 2.57 kg
RAD | 444 kg | 00041 m’ | 6.71 kg | 0.0025 m’ | 11.15 kg
8.06 kg 12.27 kg 2033 kg
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Table 15 Air—to—air intercooler Dimension and weight estimation

(50,000 ft)
L Stack Frame
Dimension - - .
[m] layer Weight | Weight estimation

[ea] (k] [ke]
LP 0.53x0.11x0.16 10ea 2.93 6.04
P 0.53x0.11x0.11 7 ea 233 424
HP 0.53x0.11x0.11 7 ea 233 424
Total Weight 7.59 14.52

Table 16 Air—to—water intercooler Dimension and weight
estimation (50,000 ft)

] ] Stack | Water Frame
Dimension - - - .
[m] layer | Weight | Weight | Weight estimation
lea] | [kg] | [ke] [ke]
LP | 0.15x0.30x0.07 7 0.96 1.50 1.91
IP | 0.09x0.23x0.14 14 0.84 1.29 1.67
HP | 0.09x0.23x0.18 18 1.08 1.65 2.14
RDA 1.00x0.05x0.17 17 2.52 3.83 4.98
Total Weight 5.40 8.27 10.70

Table 17 Air—to—air intercooler Dimension and weight estimation

(60,000 ft)
Dimension Stack - Frame -
layer Weight Weight
[m] [ea] [kg] estimation [kg]
LP | 0.53x0.11x0.16 10 2.93 6.04
IP | 0.53x0.11x0.11 7 2.33 424
HP| 0.53x0.11x0.10 6 2.01 3.63
Total Weight [kg] 7.27 13.91

Table 18 Air—to—water intercooler Dimension and weight
estimation (60,000 ft)

) ) Stack | Water Frame
Dimension
[m] layer | Weight | Weight | Weight estimation

leal | [keg] | [kel [ke]

LP | 0.15x0.30x0.12 12 1.65 2.53 3.27
IP | 0.09x0.23x0.16 16 0.96 1.47 1.91
HP | 0.09x0.23x0.17 17 1.01 1.56 2.02
RAD| 1.00x0.05x0.30 | 30 4.44 6.71 8.78
Total Weight [kg] 8.06 12.27 15.97
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