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STUDIES ON SCRAMJET NOZZLES
(1) Performance of Two Dimensional Nozzles
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National Aerospace Lab., Kakuda Research Center
Kimigaya 1, Kakuda, Mivagi 989-15, Japan

and

Atsushige TANAKA, Syouhachi YASU, Kazuyuki HIGASHINO,
Masaki SAYAMA, Masahiko YAMAMOTO, Masashi MATSUMOTO,
Seiichi SAWAGUCHI, Yutaka UTAGAWA and Koji TOKUNAGA
Ishikawajima-Harima, Heavy industry Co., Ltd. -

Tonogaya I, Mizuho, Nishitama, Tokyo 190-12, Japan

ABSTRACT

A series of experiments was conducted for studying scramjet nozzle performance
under Mach 8 flight conditions using high temperature gas flow with Mach 2.5.
Monomethyl-hydrazine (MMH) and nitrogen tetraoxide (NTO) were adopted to produce
high temperature gas flow. The stagnation temperature was designed to be 3170 K, and
the stagnation pressure to be 1 MPa. A simple configuration by plane walls was selected
for the scramjet nozzle. Thrust by the scramjet nozzles with expansion ratios of 3 (EN,)
and 5 (EN,) was examined. The experiments were performed using a thrust measuring
system installed in a high altitude test facility.

Delivered specific impulse (Isp) by MMH/NTO combustion was found to be 17.3
sec (EN,) t0 26.1 sec (EN,). These small increments of Isp in the scramjet nozzles, however,
correspond to Isp gains of about 1100 sec for H, fueled scramjets. Performances of nozzles
were predicted using computer codes, and energy release loss, kinetic loss and two-
dimensional loss were identified. The two-dimensional loss was predicted to be 16.5%
in the EN, nozzle and to decrease to 7.0% in the EN; nozzle. The kinetic loss due to
chemical freezing was found to be 4.4% (EN,) and 3.0% (EN,). The nozzle performance
could be compared with the experimental results. A friction loss (12.4%) measured by
thrusts suggested laminar flow in the scramjet nozzle used in the MMH/NTO experiments.
Measured heat flux on nozzles also supported the laminar boundary layer. Experiments
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using a cold gas flow with the scramjet nozzles were also conducted to compare with the
hot flow.

Keywords: Scramjet, Nozzle performance, Kinetic loss, Two-dimensional foss, Friction
loss
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PC= 142.2 PSIA
CASE NO. 1128
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MMH/NTO F#&HE

CHEMICAL FORMULA

FUEL N 2.00000 H 6.00000 C 1.00000
OXIDANT N 2.00000 O 4.00000
O /F =2.0000

CHAMBER THROAT EXIT

pPC/P 1.0000
P, ATM 9.6784
T, DEG K 3170
RHO, G/CC 8.1387-4
H, CAL/G 56.9
S, CAL/(G)(K) 2.9133
M, MOL WT 21.871
(DLV/DLP) T -1.02623
(DLV/DLT) P 1.5244
CP, CAL/(G)(K) 1.4580
GAMMA (S) 1.1345
GAMMA 1.1643
SON VEL, M /SEC 1169.2
MACH NUMBER 0.000
AE/AT

CSTAR, M/SEC

CFV

CF

IVAC, KG-SEC/KG

ISP, KG-SEC/KG

ISP (SEA) SEC

MOLE FRACTIONS

CO 0.10457
CO2 0.05365
H 0.02501
HCO 0.00001
H2 0.09151
H20 0.35228
HO2 0.00001
N 0.00001
NO 0.00802
N2 0.31268
O 0.00607

EXIT
1.7315 1.0082 20.526
5.5895 9.5994 0.4715
3007 3167 2247
5.0160-4 8.0801-4 5.8713-5
-96.2 54.6 -670.1
2.9133 2.9133 2.9133
22.145 21.875 22.962
-1.02082 -1.02615 -1.00158
1.4400 1.5232 1.0438
1.3355 1.4564 0.5791
1.1345 1.1345 1.1922
1.1581 1.1642 1.1941
1131.8 1168.6 985.0
1.000 0.120 2.504
1.0000 5.0000 3.9200
1727 1727 1727
1.2327 1.6189
0.6552 1.4279
217.1 285.2
115.4 251.5
198.9 213.8
0.10081  0.10452  0.08470
0.05940 0.05374  0.08143
0.02002  0.02493  0.00301
0.00001  0.00001  0.00000
0.08686  0.09144  0.08069
0.36936  0.35254  0.41504
0.00001  0.00001  0.00000
0.00000  0.00001  0.00000
0.00582  0.00798  0.00024
0.31775  0.31276  0.33238
0.00409  0.00604  0.00006

EXIT
94.042
0.1029

1720
1.6795-5
—-930.4
2.9133

23.028
—1.00005
1.0017
0.4601
1.2317
1.2318
874.5

3.287 .

11.760
1727
1.7890
1.6639
315.1
293.1
101.1

0.07324
0.09337
0.00017
0.00000
0.09234
0.40739
0.00000
0.00000
0.00000
0.33346
0.00000

EXIT
187.15
0.0517

1509
9.6213-6

—-1026.1

2.9133

23.030
—-1.00001
1.0003
0.4485
1.2384
1.2384
821.2
3.666

19.600
1727
1.8475
1.7427
325.4
307.0
-31.3

0.06565
0.10097
0.00003
0.00000
0.09999
0.39986
0.00000
0.00000
0.00000
0.33349
0.00000
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REACTIONS FORWARD K=AT *» -N EXP (~1000B/RT)
H +H  =H2 . A=6.60000E17, N=10 , B=o.
H +OH =H20 ,  A=840000E21, N=20 , B=0.
0O +0 =02 ., A=190000E13, N=00 ,  B=-179
N +0 =NO ,  A=6.40000E16, N=05 , B=0
N +N  =N2 ,  A=3.00000E14, N=0. ,  B=-.99
0z +H  =HO2 ., A=150000E15, N=00 , B=-L0
N2 +0  =N20 ., A=140000E13, N=00 ,  B=207
O +H =OH ,  A=4.00000E18, N=10 , B=0
END THR REAX

02 +H =0  +OH ,  A=220000E14, N=0 , B=168
H2 +0 =H +OH ,  A=180000E10, N=-1. , B=89
H2 +OH =H20 +H ,  A=220000E13, N=0. , B=515
OH +OH =H20 +0O ,  A=630000E12, N=0. , B=10
N2 +0 =NO +N ,  A=76000E138, N=0. , B=755
02z +N =NO +0 ,  A=6.40000E09, =-1.0, B=625
H +HO2 =OH +OH ,  A=250000E14, N=00 , B=19
H +HO2 =H2 +02 ,  A=250000E13, N=00 , B=07
NO +NO =N20 +0 ,  A=130000E12, N=00 , B=638
N20 +O =Nz +02 ,  A=10000E14, N=00 , B=280
H +HOz =H20 +0 ,  A=200000E13, N=00 , B=00
OH +HO2 =H20 +02 ,  A=6.00000E12, N=00 , B=00
LAST REAX

THIRD BODY REAX RATE RATIOS

H 25. 125 125 10. 10. 1. 1 125

OH 25. 125 125 10. 10. 1 L 125

H2 a. s 5. 2. 2 1. 1L &

H20 0. 17. s .8 64 1 5

N 1. L 1. 10 10 1. 1L L

NO 1.5 3. a. 1. L 04 L 4

N2 1.5 3. . L. L 04 1L 4

0 25. 125 125 10. 10. 1 1 125

02 1.5 6. 1. 1. 1L 04 L 5

HO2 1. L 1 1 L. L 1L L

N20 . L 1 . L L 1L L

AR 1 1. 1 08 1 1 03 L
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