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Calibration of Turbine Flowmeters for Storable

Bipropellant Engines

Yukio KURODA, Makoto TADANO, Masahiro SATO, Kazuo KUSAKA
Hiroshi MIYAJIMA, Ryuichi NAGASHIMA, Masakazu SATO

Abstract

Propellant flow rate measurement is one of the most important factors in rocket
engine evaluations. In the development of the apogee engine for the engineering test
satellite—IV(ETS—1V), the mass flow rate measurement uncertainty requirement for
the propellants is less than *0.25 %, thus ensuring the overall uncertainty of the
measured specific impulse is less than 1 second. The engine’s propulsion system design
adopted a complete blowdown system (blowdown ratio= 2 : 1), thus it is important
to ensure the measurement accuracy for a wide range of flow rates, i.e., from about
30—1209 of the minimum flow rate (corresponding to a 0.85 MPa chamber pressure
and a mixture ratio of 1.0). To achieve this uncertainty level, an "IN—PLACE /END—
TO —END?” turbine flowmeter calibration system was developed. The caliblations
were conducted with actual propellants under pressures and temperatures similar to
those in firing tests, thereby reducing errors caused by variations in fluid physical
properties and densities. The characteristics and accuracies of the flow calibration
system are described, as well as the method and results of a flow calibration using
both hydrazine (N:H.) and nitrozen tetroxide (NTO). The uncertainty of the calibra-
tion factors, K —factors (pulse per unit volume ), was generally estimated to be
within £0.25 % of the nominal flow rate (185cc /sec for NTO and 265 cc /sec for
N.HJ).

Keywords : ETS— IV, K—factors, Flow rate Calibration,
Propellant Flow rate, Turbine Flowmeter
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Source of Error Uncertainty
Density +0.03%
Weight Scale +0.003%
F /V Converter +0.025%
Amplifier +0.01%
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#F4 MBHBEEOBEEHEO—H

¥ & B S=0.2011597 (cm*/S)
ZIANGH o 0 : 3.256528

a1l :0.197755

a 2 : 0.476551E—05

BE V2 Yi Y Yi—Y
P.(P/Sec.) (em®/S) (cm*/'S) (em*/S)
1 528.700 109.228 109.142 —.860748E—01
2 529.910 109.484 109.387 —.970154E—-01
3 530.857 109.620 109.580 —.401917E-01
4 532.004 109.822 109.812 —.955200E—02
5 532.054 109.752 109.822 .703430E—01
6 532.054 109.688 109.822 .134445
7 533.250 109.823 110.065 241730
8 540.259 111.570 111.487 —.829315E—-01
9 540.528 111.596 111.541 —.548401E—01
10 541.007 111.631 111.653 .216217E—-01
11 608.973 125.396 125.452 .558472E—01
12 611.914 125.970 126.050 .800934E—01
13 613.958 126.516 126.467 —.496063E—01
14 615.503 126.660 126.781 121552
15 615.852 126.788 126.852 .646373E—-01
16 616.750 126.926 127.035 .108749
17 616.841 126.894 127.054 .159439
18 624.776 128.979 128.670 —.308899
19 625.611 129.075 128.840 —.235611
20 626.620 129.309 129.045 —.263748
21 832.502 171.282 171.191 —.906677E—01
22 836.540 172.163 172.022 —.140549
23 836.989 172.194 172.114 —.799255E—01
24 837.189 172.219 172.155 —.632782E—01
25 839.711 172.652 172.674 .2195T4E—01
26 840.827 172.839 172.904 .651398E—01
27 841.177 172.805 172.976 170761
28 841.575 172.945 173.058 113113
29 842.672 172.973 173.284 .310562
30 842.772 173.132 173.304 171845
31 997.158 202.205 205.189 —.162201E—01
32 998.604 205.845 205.488 —.356262
33 998.953 205.719 205.561 —.157944
34 1003.29 206.643 206.460 —.183319
35 1004.24 206.815 206.656 —.158615
36 1004.99 206.786 206.811 .254059E—01
37 1005.43 206.611 206.904 .293091
38 1005.48 206.710 206.915 .204681
39 1005.68 206.996 206.956 —-.398254E—01
40 1005.98 207.028 207.018 —.106049E—01
41 1171.05 241.440 241.374 —.657806E —01
42 1171.10 241.433 241.384 —.491638E—01
43 1171.19 241.572 241.402 —.170212
44 1171.49 241.630 241.465 —.165329
45 1171.65 242.069 241.499 —.569946
46 1174.38 242.087 242.069 —.183258E—01
47 1174.68 242.193 242.131 —.621491E-01
48 1175.08 242.144 242.214 .702667E—01
49 1177.42 242.231 242.704 473373
50 1178.51 242.292 242.933 .640869
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%5 FAROBREHERO—H

¥ & B S=0.07474 (cm*/S)
FIEALLH a0 ;2.783
a 1 ; 1.9983800E 02
a 2 ; 3.9584850E 00

HEER R Y Y Y.—Y
P (KHz) (em®/'S) (em®/’s) (em®/’s)
.304 64.016 63.889 128
616 127.316 127.294 .022
919 185.694 189.720 .026
1.224 253.385 253.381 : .004
1.514 314.435 314.441 .006
1.738 362.109 362.162 .053
1.536 319.101 319.066 .035
1.232 254.934 254 913 .020
.922 190.334 190.471 137
.612 126.638 126.569 .069
.308 64.639 64.615 .025
.308 64.639 64.650 .010
612 126.460 126.552 .092
918 189.539 189.473 .066
1.244 257.586 257.524 052
1.525 316.648 316.726 .078
1.725 359.203 359.265 .062
1.527 317.095 317.239 144
1.231 254.682 254.701 .018
922 190.342 190.467 125
613 126.791 126.817 .026
.308 64.639 64.650 .010
304 63.843 63.957 114
.609 125.848 125.860 .012
919 189.853 189.754 .099
1.201 248.610 248.576 .034
1.502 311.973 311.888 .085
1.740 362.489 362.394 .096
1.520 315.806 315.711 .095
1.208 249.912 249.860 .053
919 189.729 189.752 .022
.609 125.934 125.860 074
.303 63.693 63.711 018
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%7 END —TO-END &IEDFER

“END—TO—-END ”"Calibration
Meter | Meter Medium Precision index Bias Uncertainty
S./”N | Location ‘ -
S (END—TO~ END) S 3 B U2 ll)
(em*®/S) (em®/S) (%) (%)
803574 UpP NTO 0.18 0.05 +0.003 +0.13
8035751 Down NTO 0.11 0.05 +0.003 +0.09
803576 UP N: H, - 0.21 0.05 +0.003 +0.15
803577 | Down N: H, 0.22 0.05 +0.003 +0.16
BT R LABEAET, 3R EOREIREE 8ILmT, CITi}, RPKEARDZ/LHIC3

ERELBERERIEERIROLFETRD /I,
COBEAELE (Us) F, RIITKD 355,
BEE (S), (S, (Sy) @dLUToXRERHW,

M

Si= {'EI(SM)z/M]V? (18)
M

Si= [T (8.0Y/ M 09
M

Si= [‘§1(83,i)2/M:11/2 |}

ICT, HHE (D)), (d) kEheh4
LR & bR 5,
A, 19, Wick bRDI-RIBBEOELE

SERCEES L T RloRREOERE AV,
Z8ORIBEOAKELE (U &, %6, %k
TIRTEEBEECETELICEKE Y, K10
KBEIEMICKEL A HBHBRIEDERE T &
HTRT, RI0D K3, 7/ I+ Fiiextd
ARIEENT, chid/ s FuimBicd L TEIE
LBshA 1I0o7F— s 0FEEETERD L1,
AR IR, BIERBUCTT 5 (Lotimik[E
CThrd, TORKZIIBHAENHIH~N
NTO OBA LI KEVWT ERE i, &
BEARICH U 72 NTO i Bt 2 BB ICHE L
HBHtOs—Ev - TL—FDo—sE 7Y v
FEEELILER 7)) v I/rREAECEBOR

#*8 WMEBIHBIEORMKE

Equation (18)
Meter | Meter Medium Precision index Bias Uncertainty
S/N | Location :
S S: Ss B Us

(em/S) | (cm/S) (cm,/S) (%) (%)
803574 UP NTO 0.14 0.08 0.05 +0.003 *+0.17
803575 | Down NTO 0.20 0.06 0.05 %+0.003 +0.22
803576 UP N: Hq 0.28 0.07 0.05 +0.003 *+0.21
803577 | Down N: H, 0.27 0.06 0.05 %0.003 +0.20

(1) Calculated for nominal flow rate
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S/N Medium
o 803576 N:H.
® 803577
> |
S - - __ ___‘.___ i0.25%
N7 S -e----- ¢ ¥
. 180}
X
4750 S/N  Medium
0 803574  NTO
~ 105 ® 803575

4.75

8§ 12 4 8 12 4 8 12 4 8§ 12

Month (1986~1989)
K10 BUERMOEREIL

YiE»r B LTV AFBED O, COF
&, BIERICERBIE TRIEREY/ NS L1
e, WELTVW2BSERORE THBAL 7.
Fol, BREAREIKRETERELSHAL
e ic{ERIROFRI R 7 v 4 v T, B0
RBHR T VI —NVTHRL, EBEREY LK
KRET AL E LI, RI i, mHERIOHT
ARIEGRHOMBERT, £91cid, K100D4
AROFRBITOMICHIORICEKIE L 1o i BET (S
/N : 804106) OKIEFZERGMA TRLIc, %9
D Km 3, 3ERICEBEL LBEBIORIESERD S
KD IBIEFRBOGET K i3 Kim & DEHEL
KEBIRERBOBTH 5, ZIIRTLII,
BIFFRBOHBOKEZ X3, NHICH~NNTO T
RKEWTEBRENTVWS, £1041, #Hx ~

Uy OBRBARORRICRIELLTF -9 %2 BIKL
TRIERROMBOKRE S 2B L TURLI, #&
PR % 2 H ARiTY, ERRICHKBIEEEIK
o fHid KBl L THIRIEL, REARRIOR
IERBE OB E LIHERERIODI-FBI
RT. COBEAICIR, ARAROBIEAKOEIL
BE0.1%EETH - 1oh8, BESROKICHE
HERELSHAL 3/ ARMRE LEBIEL o -
FADGER, BRIERAKOZE(LIZ2— FBOKE
FroKE, REAROMIARR & b Ed i
INEKTE o TR EMHBALI, 29— FCH,
BERARKICKBENICRBA EWo I T3 AA
BICHRELALERTH I OBSIRERICH
7o — FA CRIBETH > L HBRIE
FHOZTDOKEE B33 - FBOEALREER

%9 BIERHOH®

Meter | Number of Period Medium Ma);émufr;loﬁle\;rii‘;ig'n of
S/N tests (Months) | (Kf,.,/lK;m/Kf,,.) | (%)
803574 9 41 NTO 0.22

803575 9 41 NTO 0.25

803576 7 41 N: H, 0.21

803577 7 41 N: Hi 0.18

804106 4 36 NTO 0.28
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#10 BIERGORL 3IFAOBIERROE/LOES

(Medium: NTO)

SN : 3574 SN : 3575
Code | Calibration K Deviation K Deviation | Engine Firing Tests
(Date) (P/cm®) (%) (P/cm®) (%) (Date)
1988711 4.861"! 4.849
A 0.27 0.25 1988,711~1988,712
1989, 4 4.852°* 4.837
1989, 4 4.855 4.837
B 0.07 0.04 1989, 4 ~1989,7 5
1989,/ 6 4.851 4.835
1989,76 4.851 \ 4.835
C 0.13 0.06 1989, 7 ~1989,711
1989712 4.858 4.832
Deviation : [ (x 1 —%2)/ %1 | (%)

ThHotio TD1¥, NTO QIFHEH IBELRR
BIORERMS 3 7 ALUAOBARHETT IESE
NOERBICBY TRET S EE L, TDES,
AKBHEANCHBITOBIES L, HicERESE (50
cm®/sec. LATF) KWBOWTHEBHOEHEMNE DL -
rHAeR, BEARKICBVT2F v v 2 ATEH
LI HBOEO—HESEL KA@ML REH
7cDT, IDHFERIBRBHONT Y v I/ E2#;T
BIEI Ll "TYV v I7ARBLT, EBRTH
BIELERTR], SFHLARBEBL L LER
BETELCHEORRH - 1205, BEARD
FBRBICH L TREEBDRL W LRI NI,
X0 OKEHERP SR, BERROZ{LOES
BEAKTHI0INEETH, ToHIhns
OBRZEBERAZR L CARICAV I RETORH
HER, T03%EEDI,

10.2 #BERT—50O—HE

A v Y v ORSERT, HEERET2 T »
YEALVTHRIEL, TOo—HE (HEBEOEROHE
B2R) 2@, M1, —HELXZEBREO
MBI SOWBEDO RS A 25 4 2GS ET
RLEHDT, BRIMERH 2 EORE O N
EHBEDED I —HEOCRRBETH S, TOE
i, R Q@D Xbkabi,

Clutl+ 11U ) Ve @

REBHOKRFRK 11 IcRTRERR GRE
£ . 8140,8170,8200) ODEAIIC 1 ED 21T - #0
BIRCRT LDk, HABRAFICR—EERZEH
BTRTRABATS > oW, BREF¥ICRED
FRAMBAEZ 2B 8H -1, TOLDI VIV
HEEDMICIZ, HREBOMEE L T—HEH04%
LINDEAIR 2 F + ¥ 2 VTRIES W TSl %,
Fh—HEHS0ABERBAEARELOL—F
DEEFHWE T EE LT, M1l OBRF¥OMEERL
BTHEOWBRERENEFRAET - 0—HE
OBF AR OBt TR I121ER L
oo CORDLORENE LI, HEBIHTO—K
B, BEFRER 12ics i) 2 EREFHNORK
BIRICHNT 2) TEA L ZERNBDD, OH

 HRE ORBRIEF - 0—KELRILTH

5l LmEHOh,
1. £&8

TRV VOBERBEEEET 50,
EikA v 71— Ric & 3 END—TO—-END O
BHBIELETY, REAFEEREBEORIIZT
ot BonELERI, ROBOTH 5,

(1) #EFENTO EKOBKEEZEREBIEEHD
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Symbol Medium
o NTO
[ ] N.H,
8
§ 0.6 .
= 1]
@ O04k_ . _..___%__ S
~ ﬁ? ) 3
X ,’“-'-.‘ bl Py I N IR
Y02 &N Rﬁ?iiﬁ o) Vg
M \ ,’l \ /7 ! ;
iiﬁ 0.0 L ¢ 4 I £ ')
8200 8205 8210 8215 8220 8235 8240 8245 8250 8255
EX. No EX. No
(88,74~88.76) (8876~88,/17)
3]
& 0.6f
&
s 04 %
®
~0.2f
i , d
i?‘ 00 1 ’ i i L : - i J
: 8140 8145 8150 8155 8160 8170 8175 8180 8185
EX. No EX. No
(8772 ~87,/4) (876 ~87/7)
K11 #Bfdk7—50—8E
Symbol Medium
o) NTO
Q- : 160cm*/'S 1 d N:H,
Injector:J21
s 04h Q- : 313cm’ /S
@ Injector:J21
(=]
031
s
L 02} Qo_: 110cm* /'S
; Injector:J21 S~ Qo : 219cm®/'S
& 011 Injector:J21
|
005505 06 07 08 09 10
Pc (MPa)
K12 #BEEH-RBAET— 5 O—HE
HTHBETEE, /I FVKRBTH05%E F0.25%LIRAENT B EMBTE T,

B, ThUTORBETIEHEATE 1 KiIEE
DEBED LN, FDOD, TEIZT VY
v OFRBAEOERIEEL0.25% %2 KB T %
WCREBIC L ZRIEBLRRRTD 5,
WIS % B8 IE & END —TO —END
I BRIEAETROEB L R, BIE
BiREZFELCMETH B ERanl,
B C TEDLRIEFETREABRICH VIR
BETAREL R BEBERERBED

(2)

12 #® 8

ARROEBIcBWTEL DHL2 0BG %
Blo TTIRBBOBEERT 5,
WEBRHBIEERBEOREIC Y > TR, ANIBE
BETEH2H0BGRE BV W, B
FHROBEERICY > TR, BfoRMAA
Kic, ERYk -> T obBRICEB
LTWitwih, 1, RBHOKEETRIFE
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