1240 FRPLZE T A

¥ 1l & XX

o2 Fehzch 39 499 429 93 454 43

NEE, FEA, A, TR, BRI

fote

Experimental analysis on the characteristics of enthalpy probe
immersed in arc plasma flow

Jun-Ho Seo*, Jun-Seok Nam**, Seong-Man Choi***, Bong-Gun Hong* and Sang-Hee Hong*

ABSTRACT

Enthalpy probe with the inner and outer diameters of 1.5 mm and 4.8 mm,
respectively, is designed and used to measure the temperatures and velocities along
the centerline of Ar arc plasma flow until the probe was destroyed. For this purpose,
Ar arc plasma flow is generated by non-transferred type DC arc heater with the
power level of 17 kW. From this experiment, it is shown that the designed enthalpy
probe can measure the temperature and velocity of arc plasma flow up to 12,000 K
and 600 m/s, respectively, without destroy of probe tip. In this extreme case, the arc
plasma flow is calculated to transfer the heat flux of ~ 5x10° W/m' to the probe
based on the heat and thermal boundary equations near the forward stagnation point
of a body immersed in arc plasma flow. Consequently, the designed enthalpy probe
can measure the wide ranges of plasma temperatures, velocities and concentrations
simultaneously, which are generated by various types of arc heaters within the heat
flux ranges of 0~5x10" W/ m' on the probe tip.
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Fig. 1. A schematic of an enthalpy probe
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Fig. 2. The design of an enthalpy probe
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Enenalpy 5 Table 1. Design and operation conditions for
© _©® ) Gas sampling non-transferred type DC arc heater
=
| E(s) __ Coolant Out Input Power [kW] 17
@ ? Input Current [A] 500
(2) 1) Coolant In
E Input Voltage [V] 34
DF Coolant Bypass Flow Rates of Plasma Gas (Ar) [slom] | 40

(1) Coolant Pressurizing Pump
(2) Water Pressure Gauge

(3) Water Flow Meter

(4) Vacuum Pump

(5) MFC(Mass Flow Controller)
(6) Differential Pressure Gauge
(7) K-Type Thermocouples

Fig. 3. Schematic view of enthalpy probe line

TR s Eoh=
PER Ry
Eepzop 54
A 32

2k W95 7FA= MFC(Mass Flow Controller)g
Abgate]  AASHA AlolrbsstEE stHen,
MFC s2tol Za3d stea fAE5 93 I3 F
Z2 A&tk 030 kPa WS XA (A
Q2 MY + 300 Pa)S 714l £F kel A
Aot Eehzvh 7)Ale] AodE SAsHoH,
ol& 4 (4l tHhste] Zep=rt =S ARt
Aok WZF 2E A 9 d"gy #§31s B2
& Zop=vt 71A9 27 255 A3 fa,
LRALES +o.25 CE ZH= K-type fg{ 3INE
A}%"o‘}‘}i”% i)
2 A= HEH SCX19} PXI ZA& ol%é}

2 JlN'

aA, ARE A FH A 54 Y
W oobz Fehxvh £% 54 AW 49

Cathode

Cylindrical

12mm

25mm

Fig. 4. Non-transferred DC arc heater with
Rod-Nozzle type electrodes

17 kKW J Hlo]$4] DC ol=23|HE A}ﬁ—zs}oao
w, A ALE-H Hlo]$2 DC olAdE=

% 2o EFe] x3H y2d 533 ”"V\
T AAY A5¥ = lt§§ T8 Ee] dem,
< Fig. 49 YERY
Z7AS Table 191

[e]

+ )
FE-L"S% ]'301 H =S2%H 22 mm (z =
mm) & FA AlFEte] =5 FHASS W
2t 2 mm 4 =F 7p7ko] tribEA S A9
< FPsen ofasE =EZFE 16 mm
(z = 16 mm) EoJ3 Aol FH HF FE2
gpEo] TS BFSAT. o] BES HiE e
2 Fig. 59 z 22 mmolA z = 18 mm A}o]

o4 ZAARAN 2
3 5) - ©)8 A

e Eozl eE 2 SE g
A=l

J Zelzrl 25 9 &x9)
g2 Ued ¢, = 10° W/ m SRS @A
TAIE AT Fig 52 4-E], ko] dojuA] e

3000 r T T
5 2 Heat Flux Limit
25004 q,=10"[W/m’] —e— Measured Results ||
2000
£ 15004
£
Tl
Qo
> 1000
500
0 T T T
9000 10000 11000 12000 13000
T K]
Fig. 5. Comparison between the enthalpy
probe measurement results and
characteristic curve of ¢, = 108 W/m

as a function of plasma temperatures
and velocities in Eq. (5)



1244 MNED - GEA - HAAAT - T8 - 34 B 7S T B el
G492l z = 22 mmolA z = 18 mm A}o]olA] (ﬂ)zfl (5Ap)2 (5P(T],) )2 1
WA BehEuls 400 - 600 m/s Abold] &E 1\ A T (1)
Heek 9,000 - 12,000 K Aol &&= WS 7t .
Ae Aoz Azfder, okasy rery A (0N S o= WAS FF m, FY)
HolA52 2o £57b I HolXug o A §F m, 2 Y45 L2 T2 ZHe7] AP
et B ATl AEHE AEE s & Auise) 2y WAE dehyed, B =
T AUt 01]/\1—t~ Zt2y 22404 A9E vk de ER &
E3 oz = 18 mmelM FHE Fek=P 5 Fj), MFC 2 Ktype EAte 717] 2399
12000 K o} &%= 600 m/soll disiA 2 (5) - 8) e Algstgon b oZREH ANHE, =
& clgerel SHAETH GHATE AYH 9 qewm g9 ea WA G A
g4 A B k5 x 107 W/m'o] AgE -
=TT e R (AneA WY de Ay Ao 'R 7 Ee
Aoz WO @8, 2 = 16 mmold 93 3 ) or o
= BB gyl&o] dojy o]GE BFo] == 7} znt 71A19 = PO ASE Apst Fep=vp &
hin I T
7ho], e WLe] o}z Zgzul §F Lo = 7201]}\‘1_04 Ar 225 ALst7] 913 AulE 9
Ao ZgznarRe 231 A5z JAgy B HHolw, T °lEEHYH FAF:=
E ggo]l F43 F718lr] e Aoz B HE Y A Wtk
At A& S0, A7 A8E ZHRJAH = =E
ol Zid "ad d£L ol 4 (9B AL 14000 T
B4 Q4 o ww, e AYHe 9ol 100 12000] /}\ )
W/ A=W, 03 mm A 93 el 10000 ] N\ ]
2 29 #Ho] 155 Folgtar oqAZIY.
o 8000- \ 1
§ e o7, ) = 6000 [ {
7: s am s - ) )
I S or d /. \\
4000 .
A7NA, kE 2HdEA 29 dAEEolH, /'/ \\'
- . -
STE Aol FAE Zte 9F uRE B = 2000 ,,:;.4“' ‘\-\\,
dzvjol w2E wAH W5 Pole PR R R R T R S
FA Ate]e] 2matolnt. W4l gopdle <t rfmm]
% U Y4 259 40 C, Eg2vd =
=58 HWHo 2x:= AgHAH A A€o §H Fig. 6. Comparison between radial profiles
1420 CTE A&3dth. WA, z = 16 mmoll A of temperatures measured at z =
g = e 712 Aow AAHE Zgzn & 18 mm and z = 22 mm
¢9Jr EooXe AA A A2 g3 gy
oﬂ ?:5_ %:?_] 108 W/m 7]}7(] 6%5]9,}\% 3_1 700 T T T T T T T T
o2 Alg "o} 600
Fig. 67} 72 z = 18 mm 9} z = 22 mm ol A] 5004
SAHE AN YE iy ¥ E£EREIE A= —
vima) Fe Aotk 7 2Rl r = 2 mmel g ]
Mr=2mm HA7AA 2= 5 HE gl o = %7
3 A" 2xtgtdl= ZEkzer SAAA Y A 200
g 2 &5 F A HAste 235 sl 100
Q& 4 (10) 2 (1) 2o XIHE EZe=v ]
25 9 £xd g £F A w4 7S A 0
831 248 po2 ASH AT L ¥ &= " cimm]
o} A vERd Ble|th
. . Fig. 7. Comparison between radial profiles
&)z:(‘smc)zﬂ‘;mg)?ﬂ or )2 of plasma velocities measured at z
N - . AT —AT (10)
i m m, s =18 mm and z = 22 mm



%038 4 5 12 9% 2010. 12 ol Fefzvl 5ol AE dey gxe FFAEA Ay 1245
Fig. 6 % 72RE, 17 kW & Hlo]$2] DC o}z gy gie AFon o5 9% 349
3B & AM&3le] thEo] W oz EEt=vl fF H =t AY o He B9y E4 2044 P
2 FHFE FHeRE AF o 4 mm, Zo] o I (ke AYY) B oy 10° W/m' o
22 mm oo FFIAvF 10,000 K , 400 m/s 9 &S 7K ndey Fetzv {579 3|
ol 1L, I&HE FASE FUHoz Ry A fFdd & 83 HAREQ E=viey &
7F 3 TAES THSE JAFH Yo ola &, £ % 55 E AN 23T £ Qlo] 1
Zgzr f5US € 5 do =S, AFE QA 9 FE/EFAA AL 7B D =FEA
gy &3 Al2"S o] &3t FAT STgkel g 288 £ IS A=z JjgEg. a8,
gt EFAEAATN o= 5% wvte=z wt dey g3 &= 4 e THAES S
£ gk FFEooY, 25 SAHTAL % 20 ZAHHE 459 AGoZRE 4 @) e M
% 225 7HAE AR UERt ol FE 2o 97 e 4 @)l ta dols= £ %
K-Type @zt SHLAHS wjFol] FAst=  wlel Fo we} 98 2A4E w 2] a9
Aoz Ao, dor Ao 4 o ety 1 #7188 fEshe WalelnE, A<t
2t 249 A9, dEn gdHY 84S 08 x84 ZEizp 3740 A49®E dgn =229
348 glelet AR, S, B owEe Agge e, B FHe 5
2= Fgzv JAY 48 PE HEE 435}
m., &2 2 ool st o]Z 93, Blais S"Ve dg3 &3
9, ¥z A7y Bx1s e, g3 HFol
ABRYSI A 7= F9 24 MW 7 A oHASERE o 45 & S Ao HE o]
2 AR 9 olm Zehzn 4% Ex =xo  LE WE Y §, oA A2y S-S A
8 dgy FHHS HL3] s 71EHQ st AASE AE SAske WHoE 25
AES WA 15 mm, 97 48 mmE Ze= dE & 424 §5 EA AGS £33 v do =
o g@1& AA AR 17 kW F Hl 0|52 gl g zvl 25 94, AY 255 s AF
2R/ ol HE AMEste FAqstAY. 43 2 Stol| A WA= HIFEY g gk nEst 2
3, 17 kW 5 ot33|H 9 A5, TASFS T4  FFHomE, Ty AAYE @ 2% =3 7
o2 A7 °F 4 mm, Zo] ¢ 22 mm °JHe] F <3 AAs|ok st} 53], Fghzvl VAR
oA} Ze=rk 2% 10,000 K, $% 400 m/s A Ar tlal B718 ALEE AS, 284 ZTapz
ojdel ae, & ofa Fekzvt FES LA o Ay LAEE ey wPd anE 2
Atk Aol &A= A Sibulkin” o] AL, & wela Felzel e Fo wdsy] 9@ 7Y
58 HTE R Sd3 =AW S/, v o) 27} sje] BEAeln, ol 97 dw
A= QAT AHELS o) 8dt] FHE 2 g9 AT u Ay" Bast Uk
gzul 259} £Eglo2RE gy @39 I
g €4 F3E A¥E A, 12,000 K 600 D=3
m/s °]4e 2= &5 & Zte ofa EH=Ev}
5 AL k5 x 10 W/m' 9 &S A i o
8 2 9y, o= dgy ®Bxo] AY 4 Ye 1) vk "A Road Map to the Moon", St 3}
Ay dzo) AT AL ool Ho ok 11 FFFe8 20089 FA S =i F 2
km/s9] £E2 AT 7|2 AAYsE= w3 Nov., 2001, pp. 1292~1296.
o] dxHA MLe Y Bed oz Zelzn} 2) Filippis, F. D., Vecchio, A. D., Martucci,
o o8 A& A BAFS 3 olEE], 70 MW A., Trifoni, E., Marraffa, L., Savino, R., Paterna,

F SCIROCCO ©}=3]El7} 0 ~ 2 x 10° W/m’
o] A &S 7IF F A=F AFHL e
e, 71z WA %

Gardon Alo]A®e] A4, 0~ 5 x 10° W/m', %
4 Schmidt-Boelter A14"%¢] 79, 0 ~ 2 x 10°
W/m' 9o d&w 3T F 7] "Ed, 10°
W/m olde]l €45 7 Eekznt % a4
o dag ARE AFste d AV Ao,

D., "70 MW Plasma wind tunnel up-grades for
ESA AURORA TPS testing", 4th International
planetary probe workshop, 27 June - 30 June,
2006, Pasadena, CA, USA.

3) Gray, J., Jacobs, P. F., Sherman, M. P,
"Calorimetric probe for the measurement of
extremely high temperatures", Rev: Sci. Instrum,
Vol. 33(7), 1962, pp. 738~741.



AN

1246 A

S hs]
i)

T HEA - 2

i

T

ol

-5 PR TS ik

o,

ol

4) Swank, W. D., Fincke, J.R., Haggard, D.C,,
"Modular enthalpy probe and gas analyzer for
thermal plasma measurements", Rev. Sci
Instrum, Vol. 64, 1993, pp. 56~62.

5) Rahmane, M., M,
"Analysis of the enthalpy probe technique for

Soucy, G., Boulos,
thermal plasma diagnostics", Rev. Sc. Instrum,
Vol. 66(6), 1995, pp. 3424~3431.

6) Fincke, J.R., Swank, W. D., Snyder, S.C,
Haggard, D.C., "Enthalpy probe performance in
compressible thermal plasma jets", Rev. Sci
Instrum, Vol. 64(12), 1993, pp. 3585~3593.

7) Sibulkin, M., "Heat

transfer near the

forward stagnation point of a body of
revolution", /. Aeronautical Sciences, 1952, pp.
570-571.

8) Boulos, M.., Fauchais, P., Pfender, E.,
"Thermal

Applications Volume I", Plenum Press, 1994.

Plasmas Fundamentals  and

9) www.vatell.com

10) www.hukseflux.com

11) Blais, A., Jodoin, B., Dorier, J. L.,
Hollenstein, C., "Inclusion of aerodynamic non-
equilibrium effects in supersonic plasma jet
enthalpy probe measurements", /. Therm Spray
Technol. Vol. 14(3), 2005, pp. 342~353.



