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Oscillations in Rectangular Supersonic Inlets with Large

Internal Contraction Ratio

Yi Jin* Yue Zhang,! Hui-Jun Tan,! Xin Li,2 Shu Sun,Yand De-Peng Wang?™*
Nanjing University of Aeronautics and Astronautics, 210016 Nanjing, People’s Republic of China

https:/doi.org/10.2514/1.J061353

Increasing the internal contraction ratio (defined as the area ratio of the duct entrance and throat, denoted as ICR)
‘canimprove the operating performance of a variable geometry supersonic nlet, however, excessive ICR typically will
bring the inlet into an unstarted state with oscillation. To uncover the underlying mechanism of alarge ICR-induced
oscillatory-unstarted phenomenon, we employed a high-speed schlieren and dynamic pressure acquisition system,
and experimentally examined the flowfields of a rectangular supersonic inlet with different ICRs of 1.5, 2.0,2.5, and
3.0in the wind tunnel at a reestream Mach number of 2.9. Theinlet stayed unstarted while the ICR ranged from2.0to
3.0, and the flowield had three features. First, the inlet flowfields showed high- and broadband-frequency
oscillations, whase dominant freguency and oscillatory amplitude increased with ICR. Second, the inlet flowfields
revealed similar oscillatory flow structures, which contained the periodic variation of the ramp-side boundary layer
separation, cowk-side flow spillage, and shock train in the internal contraction part. Third, the unstarted flow
structure and oscillatory phenomenon mainly occurred upstream of the inlet geometric throat, downstream of
which the main flowfield was supersonic. To characterize these three features, we proposed a self-excited
oscillatory model consisting of a disturbing source, a disturbing feedback terminal, and a signal feedback loop.
Practically, the disturbing source isa scale variation of the entrance separation, the disturbing feedback terminal isan
aerodynamic throat near the geometric throat,and the signal feedback loop is composed of communication pathways
of shock train motion, acoustic waves, and convection waves. With this model, we explained the underlying
‘mechanism of the high- and broadband-frequency characteristics of the oscillation caused by large ICR, and the

®
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ICR’s influence on the flow oscillation.

Nomenclature
f frequency, Hz
Hi height of the duct entrance, mm
Hy, height of the duct throat, mm

ICR = internal contraction ratio, defined as Hyy/Hy, for rectan-
gular supersonic inlets.

Tength of the shock-train oscillatory range, mm
entrance Mach number

freestream Mach number

power spectral density, kPa? /Hz

exit throttling ratio, %

static pressure, Pa

static pressure of the freestream, Pa

t = times

W width of the leading edge of the ramp, mm
W2 width of the internal duct, mm

6, = wedgeangleof the ramp, deg

0, deflection angle of the cowl, deg
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1. Introduction

SUPERSONIC inlet enters an unstarted state when its flow.
capture characteristic is affected by the change of infernal duct

flow structure [1]. In general, the inlet unstart may occur in situations
of large angle of attack [2], low flight Mach number [3], high back-
pressure from the combustor (4], large internal contraction ratio
(ICR) from inappropriate design or usage [5), etc. As an abnormal
operating state of the mixed-compression supersonic inlet, the unstart
is ofien accompanied by large-scale boundary-layer separation and
severe flow oscillation, both of which can dramatically impair the
performance of the inlet. First, large-scale boundary-layer separation
and severe flow oscillation will significantly narrow the effective
passage of the inlet internal duct and induce separation shock,
resulting in supersonic spillage at the duct entrance [1] and perfor-
mance reduction in critical parameters of the inlet, such as flow
coefficient, total pressure recovery coefficient, external drag [2,6],
etc. Second, the oscillation process of the buzz phenomenon [7,8]
will produce periodic thermal and force loads on the inlet, which is
‘mechanically destructive to the aircraft [9,10
‘The hanful nature of unstarted oscillation in mixed-compression
supersonic inlets has inspired intensive rescarch in investigating the
fluctuation amplitude, dominant frequency, and mechanism of the
oscillation. In ferms of the fluctuation amplitud, classical theory has
been proposed to classify the oscillation inio lttle buzz and big buzz.
[11-16], based on the oscillatory amplitude. In terms of the dominant
frequency, experiment/theory has demonstrated that the little buzz and
big buzz are irelevant 8,1 1,14-18]. In terms of the oscillatory mecha-
nism,itis proved that the buzz s a self-excited oscillatory behavior 19—
21], and its formation needs the disturbing source and signal feedback
Toopas two essential elements [22-26]. With experiment as the founda-
tion, efforts have also been made to propose new theories that could
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Throttling Characteristics of a Supersonic Variable Inlet

at Different Internal Contraction Ratios
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‘Supersonicinlets with a wide operating Mach number range can regulate the internal contraction ratio (defined as
the area ratio of the duct entrance and throat, denoted as ICR) to improve the eritical total pressure recovery
performance and flight condition adaptability. To elucidate the association between the downstream throttling
characteristics and the ICR, a rectangular supersonic inlet with a variable ICR (ranging from 1.21 to 2.04) was
designed. Usinga high-speed schlieren and dynamic pressure acquisition system, a seriesof experimental studies was
carried outina supersonic wind tunnel ata freestream Mach number of 2.9, The results indicate that the downstream-
throttling unstart modes of the inlet at different ICRs can be divided into two classes, namely, a “steadily changing”
‘mode and an “abruptly changing” mode. As the ICR increases, the inlet substantially improves its compression and
throttling performances by sacrificinga small amount of mass flow. Moreover, the inle’s throtling characteristies at
different ICRs are dominated by the flow loss of the terminal shock train. Then, the influence mechanism of the ICR
on the inlet’s downstream throttling characteristics is revealed, and a throttling characteristic prediction model for

Che

rectangular supersonic variable inlets is established.

Nomenclature
A area, m?
At cross-sectional area of the duct exit, m?
Appg = throat area of the plug at the duct exit, m®
k specific heat ratio
M Mach number
E = mass flow, kg/s
P static pressure, Pa
T temperature, K
' = time, ms
0, wedge angle of the ramp, deg
0, deflection angle of the cowl, deg
o = total pressure recovery coefficient
v bleed mass flow coefficient, %
Subscripts
c critical condition
incv entrance station of the control volume
outcy = outlet station of the control volume
th throat station
0 freestream value
Superscript
* = stagnation value
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1. Introduction

S THE most upstream component of a supersonic airbreathing

propulsion system, the supersonic nlet is responsible for cap-
turing, compressing, and rectifying the airflow. Therefore, parame-
ters such as the mass flow coefficient, pressure compression ratio,
total pressure recovery, distortion at the duct exit, and ultimate
resistible backpressure ratio are usually used to evaluate the inlef’s
performance [1]. Among them, the ultimate resistible backpressure
ratio directly determines the critical total pressure recovery perfor-
‘mance and stability margin of the inlet. Once the downsircam pres-
sure ratio exceeds a threshold value, the inlet inevitably enters a
destructive unstarted state [2].

In mixed-compression supersonic inlets, the pressurization proc-
ess comprises external compression and internal compression [3}
‘These compressions cause complex flow patterns and mechanisms.
the downstream throttling process, which have aftracted considerable
atiention. Researchers have conducted mumerous studies on the
downstream throttling characteristics of mixed-compression super-
sonic inlets by installing a flow plug or flap at the duct exit. Because
the inlet has distinct isolator configurations at different freestream
Mach numbers, their throttling characteristics are described sepa-
rately. First, when the freestream Mach number i less than four, the
isolator downstream of the inlet’s throat is generally a diffusing
section. In this case, the disturbance caused by downstream throttling
propagates upstream in the form of a terminal shock [4-8)]. Specifi-
cally, when the freestream Mach number is relatively low (e.g., less
than two), the terminal shock is a single normal shock [6]. When the
freesiream Mach numberis elatively high (e.g., greater than 2.5), the
terminal shock exists in the form of a normal shock train [7] or an
oblique shock train [5,8; and the inlet abruptly enters an unstarted

station. Thatis, the inlet s in acritical condition when the head shock
is located near the throat station. Second, when the freestream Mach
number s greater than five, the isolator downstream of the inlef’s
throat is generally a siraight section. In this case, owing to the high
throat Mach mumber, the disturbance caused by downstream throt-
tling propagates upstream, mainly in the form of an oblique terminal
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Abstract
Compared to the fixed geometry inlet. the supersonic variable inlet improves its wide

Mach number operating capability and efficient cruise property. mainly by regulating the




image10.png
From Journal of Aerospace Engineering<em@editorialmanager.com>
Date 09/08/2022 03:33
To Yue Zhang<y.zhang@nuaa.edu.cn>

Subject  Decision on Manuscript MS ASENG-4615R1 - [EMID:b6fa15553c11d5b3]

CC: "YiJin" 18551807361@163.com, "Hui-jun Tan" tanhuijun@nuaa.edu.cn, "Hang Yu" yh206@nuaa.edu.cn

Ref.: Ms. No. ASENG-4615R1
Unstart/Restart Boundary Broadening Method for a Two-Dimensional Supersonic Variable Inlet Based on a Distributed Bleed System

Yi lin; Yue Zhang; Hui-jun Tan; Hang Yu

Dear Yue Zhang,

Congratulations! Your Technical Paper has been accepted for publication in ASCE's Journal of Aerospace Engineering. Your manuscript
publication date once your Technical Paper has been scheduled for an issue.




image11.png
oz F R
Acta Aeronautica et Astronautica Sinica

hitp://nixb buaa.edu.cn  hkxb@buaa edu.cn

Apr. 11 2022 Vol.43 No.X:
ISSN 1000-6893 CN 11-1929)V

AR D B BEE, F. EEATHEARRTHTRRAFABE]. HEEH 2022, 5127154 TN T SUNS, GUO TJ, et
L Dual zolution temal flow. and throrling characteristic: of a upersonic variable mlaiJ]. Acta Asronautica st Azvonautica
Sinica,2022,43:127134 (n Chinese). doi-10.7527/51000-6803 202227134

AR PR AT R A I WU R T WA i

AR, FMRRY IEAY, BT, !

1L WEMEMAAY RESHNER TALMEDNRARELLERE, HX 210016
2. WRALZMAXT RAMFP, ®F 211106

B 9 7 ORTURI A A i UHWOE U R 0 RS R, O T TR SR 04 g T
VHHEUE, ERI SO 2 90 R (B RGO MM R RS MER RGTTR T RRBF . SREY, LAl
G ACRYALTON , S VEMAIRIA £ E ISR R S0, (RIS T, Ul PRlE
BREMERRL: TEFGIHEF, BUENERTFER B BRSNEARREN, SEUNEREARTE
ThA, AL MR . b, TR TS Tl UM TR TR, SRR 5
42.4%F141.7%, W5 FIEH S HI0915.8F116.0. fERRGAN PRI, Pahk Chg R At e
A, IF LG RS T S Sk R AL T WG ML, (P60 1 4 R A P S T RHERUR S e LI E e G
5.

RENA: BT UE, ORI T B, R
PESHS: (V2113) MHFRE: A XEES: 1000-6893 (2022) XX-XOOK-XX

A, SO LR R
A S R S G R DAL BT A FT R A M R R R AR SR
AFRASNL LN, BRI GH. AT TR RCICRUASR B L R AE A 5

T ARG R Py LA R AT R AT
U e ARBR SRR ECT RS e Rl
ARECR U R, R TR AR
KRS AT, WO I R,
FRPURE, S O g SOk . S
o R R R R, RS
A U P S e A s i R P i
acR), (i GEkE R LA R, 8T

KICRS B A RE WO, S A s B g i
JA . B NMCREEE UE LB ). 2
s TS R AR AR, Ol
HITHEENICRT 5 T AVEANICR, (LR E) TR
BT RS . R AR S R
SRR R B LIRS W AT PN ) B A T
AL ALk, BEAICRWD, N KK
iR R ISy 8% SR AR . B

SR 202310; EASEM: 202324 T EM: 202411 KSR

rorors
BERH: RAKHEES U047, 12005202)
*ERAMER. E-mail: sunshu@nuaa. edu.cn




image12.png
E 45 5 5 4491331 &

x B EHAE B

KW & B —FSNEE U

BOW N R SRR IS R
% R 5. 7L 2019 1 0205919.7

EF HIEH: 20194203 19 H

BN SRS

H ks 210000 Y54 RS TS HIE £ 20 5

#RaEH: 202106 A18H A4S Fa N 109944701 B

B R 4R FRA KRBT EARKAEF AR TFE, ARRTEAR, ALKAEA
SERHEEARCELTFARL. FARARRAEZAREL. FARYRA=TF, 4
ik aAR,

FAE B LA A R, AR, R, R HE, KA
FRAGRE XL A, BE AEXLFEMREASARREL,

. Pl

BIACGE2 T





image1.png
Contents lists available at ScienceDirect

Aerospace Science and Technology

b

ELSEVIER www.elsevier.com/locate/aescte

Feasibility of employing the restarting process to evaluate the
self-starting ability for hypersonic inlets

Wenzhong Xie®*, Yi Jin?, Yan Ge, Shuzi Yang?, Cheng Zeng?, Shengmin Guo®
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" Tnlet and Nozzle Branch, Chinc Aviation Powerplcnt Research Institute, 412002 Zhizhou, China
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ARTICLE INFO ABSTRACT

Article history: Accurate evaluation of hypersonic inlet self-starting performance is very crucial for the stable and
Received 10 May 2020 efficient operation of scramiet engines. However, few ground hypersonic wind tunnels could provide a
Received in revised form 30 October 2020 continuously and slowly accelerating free stream conditions to directly validate the self-starting ability

Accepted 5 November 2020 y an ¢
D e er 2020 of hypersonic inlets so far. Some experimental restarting approaches have been explored to evaluate

the self-starting performance of hypersonic inlets. To clarify the feasibility of such approaches, the self-
Communicated by Cheng Wang starting process and the restarting process caused by withdrawing plug at the exit of a two-dimensional
Keywords: hypersonic inlet were studied using unsteady numerical simulation in this paper. The results show
Hypersonic nlets that, even though the freestream Mach number (5.54) of the restarting process is lower than the self-
The self-startng ability starting Mach number (5.715), the hypersonic inlet can finally rebuild the started flow field owing to the
The restarting process significantly higher moving speed downstream across the inlet internal contraction section caused by the

big buzz. Hence, the additional unsteady effect should be suppressed as far as possible during the initial
pre-blockage process in the restarting experiment applied 10 evaluate the self-starting performance of
hypersonic inlets.

© 2020 Elsevier Masson SAS. All rights reserved.
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Flow response hysteresis of throat regulation
process of a two-dimensional mixed-compression
supersonic inlet
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KEYWORDS Abstract  The variaple geometry supersonic inlet tends to decrease the throat area to reduce the
Hysteresis; Mach number upstream of the terminal shock, so as to reduce the flow loss. However, excessive
Restart; Internal Contraction Ratio (ICR) exposes the inlet to a greater risk of unstart, which inevitably
Supersonic inlet; results in a process of increasing the throat area to aid the inlet restart. In the above throat regu-
Throat regulation process; lation process, the inlet undergoes the start, unstart, and restart states in turn. In order to reveal the
Unstart; flow structure and mechanism of this process, a two-dimensional unsteady numerical simulation
Unsteady numerical combined with a dynamic mesh technique were employed. The shock-on-lip Mach number of the.
simulation studied inlet is 4.0 and the flight angle of attack is + 6°. Analysis was focused on the state with

a freestream Mach number of 3.0. The results clearly show that the flow response hysteresis
appears, and restart is only realized when the throat area is obviously increased as compared to that
of unstart due to the historical unstart flow structure. Tn addition, three typical flow fields were ana-
Iyzed, and it is found that the separation ahead of the inlet was the key factor affecting the hystere-
sis. Finally, unstart and restart boundaries of the inlet were discussed, and the factors influencing its
deviation from the typical boundaries of dual-solution area were analyzed. The newly predicted
unstart and restart boundaries are much closer to the CFD results.

© 2021 Chinese Society of Acronautics and Astronautics. Production and hosting by Elsevier Lid. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd /4.0)).
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Suppression of flow response hysteresis in the throttling/unthrottling
process for supersonic inlet

Yi Jin, Yue Zhang®, Xin Li, Huijun Tan, Shu Sun
College of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

ABSTRACT

The flow response hysteresis in a mixed-compression supersonic inlet’s throttling/unthrottling process is unconducive
to its practical engineering applications. To suppress such hysteresis. herein. a flow control method based on a distrib-
uted bleed system in the inlet’s internal contraction part was proposed and applied to a rectangular supersonic inlet
with a designed Mach number of 4.0 and an internal contraction ratio of 1.5. All tests were conducted in a supersonic
wind tunnel at a freestream Mach number of 2.9. and the relevant test data were obtained using the high-speed schlieren
and dynamic pressure measurement systems. The results indicate that the distributed bleed system improved the un-
controlled inlet’s unstart and restart throttling ratios from 43.8% and 29.4% to 47.3% and 47.1%. respectively. and it
essentially eliminated the flow response hysteresis during the throttling/unthrottling process. Moreover. the hysteresis
mechanism of the uncontrolled inlet. dominated by the separation-induced flow structures in the internal contraction
part, was investigated to help elucidate the targeted control mechanism of the bleed system that suppresses the hyste-
resis. Finally. the specific flow phenomena in the oscillation of the controlled inlet were examined to study the bleed
system’s impact on the unsteady flowfield, including the coupled flow of the mainstream with the bleed system and

complex wave motion structures.

Keywords: Supersonic inlet; Flow response hysteresis; Bleed system; Throttling/unthrottling process: Wind tunnel test





