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| ntroduction

 MSFC funded an internal study on Altitude Compensating
Nozzles
— Develop an ACN design and performance prediction tool.
— Design, build and test cold flow ACN nozzles
— An annular aerospike nozzle was designed and tested
— Incorporated differential throttling to assess Thrust Vector Control

e QObjective of the test hardware
— Provide design tool verification
— Provide benchmark data for CFD calculations

— Experimentally measure side force, or TVC, for adifferentially
throttled annular aerospike
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Experimental Hardware

Thruster
AR=35

* One Dimensional Design Parameters
— Oveadll arearatio, 38:1
— Internal expansion or ‘thruster’, 3.5:1. Symmetric expansion.
— Design point Nozzle Pressure Ratio (NPR) = 995
— Working fluid was warm air.

— Two spike lengths, 25% and 40% of equivalent conical nozzle. N
A
Cowl Radius
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Experimental Hardware, continued

o Differential Throttling
— Annular manifold and thruster were divided into quadrants with splitter plates
— Massflow orificed to produce £20% differential throttling

L ooking Forward Side View
0° Quadrant
B, 100% Nominal P, . \@é
) R

Intended

Side Force
90° Quadrant Directio

80% Nominal P, A

270° Quadrant
120% Nominal P,

—

R Yy Side Force
%
'\{’g) 180° Quadrant o
100% Nominal P,
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Experimental Hardware, continued

Orifice Ring

Orifice Plate
Mass Flow

Splitter
Plates

225° 6
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Experimental Hardware, continued

* Nozzle Pressure Field Well Looking Forward
Mapped
Poiq @Nd Py IN €ach quadrant
manifold
— Morethan 160 P, on spike
e Quadrant centerlines
e Crossflow
« Splitter plate profiles
* Nozzle Base

— High frequency pressures

» One each in each quadrant
manifold
» Four on spike
— two on thruster centerlines
— two on splitter plate centerlines
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Experimental Hardware, continued

e Test Performed in MSFC’ s Nozzle Test
Facility
— Test cell evacuated with gjectors
— Evacuated to near vacuum
— Measures axial force with load cell
— Heated Air to 150°C
» Nozzle Efficiency
— Efficiency = Freasured/Foptimum
I:opt = I:)c Athroat Cf_opt

22 ( 2 (v+1) (1) 1 ( y—%
e 22 ) 2
- y-1 y+1 NPR

 SideForce
— Measured with set of small flexures
— Only measured in horizontal plane
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Results
40% Length

* Four Configurations

Non-Throttled

+20% Throttled

« For Each Configuration Side Force
. —
— Spikewall pressures Side Force
— Nozzle efficiency
— Sideforce
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Results, continued: Spike Wall Pressures

o Altitude Compensation
— Altitude compensation at low NPR 1 Low

Base

OCCUrs viarecompressions on the
spike generated by the Barrel
Shock.

— Barrel, or envelop, shock results
from the plume sensing the local
ambient pressure.

B

Baseline, Thruster Centerline
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Wall pressure on the annular aerospike centerbody
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Results, continued: Spike Wall Pressures

« Non-Throttled

— Recompression on spike
» 25% Length, barrel shock moved off spike at NPR ~150
» 40% Length, barrel shock moved off spike at NPR ~200

25% Length

NPR

—e—1653.11
216.10
—a—136.76
—e—102.62
- = = Ambient, 102.62
—a—64.71
- - - Ambient, 64.71

40% Length

Measurements
on Extensions
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Results, continued: Spike Wall Pressure

 Non-Throttled

— Quadrant centerline profiles — good agreement
e 0° & 90° quadrants, high density of measurements
e 180° & 270° quadrants, lower density of m
e 0° & 90 agree with 180 & 270.

Basdline: 0° and 90° Quadrants / Baseline: 180° and 270° Qugdranks
0.10
0.10 1t
0.09 \ / /
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0.08 ~NPR | .: ‘
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S 0.06 - 13676 % ---EF-- 136.76
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[ B %]
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0.01
0.00
0 Axial Position 0 Axial Position
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Results, continued: Spike Wall Pressures

e Throttled: 40% Length shown (25% Length Similar)
— High NPR
» High pressure quadrant had higher pressures on spike
» Spike pressures counteract intended side force

— Low NPR
» Spike pressures after recompression were favorable to intended side force

Throttled, 40% Length Throttled, 40% Length
NPR 1660, Spike Pressures NPR 89, Spike Pressures
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Results, continued: Nozzle Efficiency

 Non-Throttled: 25% Length, ‘Basdline
— Fairly good repeatability in test data
— Severa discontinuities in the curves
» At NPR 400, due to rapid decrease in nozzle base pressure at wake closure

o At NPR 180, due to recompressions moving off the ramp
* At NPR 100, due to decrease in base pressure related to barrel shock structure

Single Run from Baseline Compared to a
Baseline Runs Bell Nozzle of Same Area Ratio and Design Point Efficiency
>
> 5 e
2 > Run 12 S &
[} —
5 o Run 13 2 4
i o Run 14 w
o s Run 17 N N
N o v ° Run 17
z z + Bell Nozzle, Full Flowing
Bell Nozzle, Separating Region
mEi| T T T
[ 11 [ [ T TTTTT
10 100 1000 10000
10 100 1000 10000 NPR
NPR
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Results, continued: Nozzle Efficiency

e Non-Throttled: 409% vs. 25%
Length

— Longer spike increased nozzle

Non-Throttled, 25% and 40% Length

efficiency

— Discontinuities shifted to higher

NPR

Nozzle Efficiency

» Wake closure at higher NPR

» 25%
> 40%

» Barrel shock moved off spike at

higher NPR
— Decrease in efficiency at wake

10

100

NPR

1000

10000

closure was smaller

* Nozzle base area smaller, smaller
component of axial thrust
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Results, continued: Nozzle Efficiency

o Throttled: 25% Length

— Efficiency at the design point was
within family of baseline runs

— Discontinuities smoothed

* 90° and 270° quadrants had
different effective NPR than
nominal P, quadrants

» Different barrel shock positions on

spike smoothed the transitions

o Throttled: 40% L ength had
Similar Trends

5% International Symposium on Liquid Space Propulsion
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Results, continued: Side Force

* Overview of 25% and 40% Length Spike
— Non-Throttled runs plotted as reference

— Both 25% and 40% length spikes exhibited large variations at low NPR

— Peaksoccurred at different NPR
— Both had constant value at high NPR
— 40% length produced less side force at high NPR

Side Force

Non-Throttled and Throttled, 25% and 40% Length Spike
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Results, continued: Side Force

o 25% Length * 40% Length
— Two peaks of near zero side — Three peaks of near zero side force.
force. Bothindicate TVC Oneindicated TVC reversa

reversal. — Constant value reached at NPR 400.
— Constant value reached at NPR Throtted. 40% Longth
230. NPR 89, Spike Pressures
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Results, continued: Side Force

e Comparing Side Force Directly
— 25% length spike’' s peak to peak variation larger than 40% length

— Peakswere at different NPR

Throttled, 25% and 40% Length Spike

Non-Throttled and Throttled, 40% Length Spike

Non-Throttled and Throttled, 25% Length Spike
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Conclusions
 Non-Throttled
— 25% Length

» Details of aerospike nozzle efficiency curve explained.
» Discontinuities due to altitude compensation by barrel shock.

— 40% Length
» Increased efficiency.
» Subtle changesin details of efficiency curve.

 Throttled

— 25% Length
» No discernable effect on efficiency.
o Largevariation of side force at low NPR resulted from barrel shock impingement at
different axial stations.
» Side force became a constant value when last shock moved off centerbody.

— 40% Length
» No discernable effect on efficiency.
« Largevariation, but less than 25% length spike, at low NPR.
» Side force became a constant value when last shock moved off centerbody.
» Sideforce at high NPR was approximately %4 of side force for 25% length spike.
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