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ABSTRACT: This paper is presented to investigate the deposition effect on a second throat exhaust
diffuser performance. In the numerical simulation, the blockage of the diffuser due to the deposition
of aluminum oxide is considered by a gradual and time-dependent cross-section constriction. In the
initial conditions, the supersonic flow has been established in the nozzle and diffuser. Diffuser cross-
section area is reduced by using a dynamic mesh method during the solution. The flow is considered
compressible, viscous, and 2 dimensional axis-symmetric. The k-o shear stress transport turbulence
model is used to solve the turbulent flow field. Diffuser blockage (n) is equal to the ratio of instantaneous
and primary diameters of the second-throat. By changing the value of n from 1 to 0.75, the onset of flow
separation is moved to the downstream location in the diffuser. This results in a considerable reduction
of total pressure loss and then improves the flow pressure recovery. Decreasing parameter n from 0.75
to 0.64, the flow structure is subjected to severe changes and the separation of the flow occurs near the
diffuser inlet or inside the nozzle. In this condition, the diffuser state changes from starting to un-starting
mode. Therefore, the vacuum condition vanishes in the test chamber.
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1. Introduction

There are often some aluminum particles in the composite
solid propellant, which are utilized in Space engines. These
materials are converted to a melt module, which will be
exited accompanying with some combusted gases via
nozzles. Because of this point that the freezing temperature
of aluminum oxide is very high (more than 2072°C), it can
be seen that if the temperature of these materials decreases in
any kinds of circumstances, it will be probably glued in the
nozzle walls with solid shape.

Based on Farber ef al. [1] research, there are three
analyses for a deposition sample by an X-Ray equipment
which is coming from the interior part of a nozzle. It has been
shown from the analyses that there is some aluminum oxide
in the nozzles. Furthermore, there have been reported some
deposition of the aluminum oxide particles at the ending
sections of nozzles [2-4].

Researchers are mostly utilizing high altitude test facility
for motors with long nozzle in the ground tests. As shown
in schematic picture (Fig. 1), there is a main core of a high
altitude test stand.

There have been some research about high altitude test
by Space Transportation Research Institute (STRI) which
depicts, there are some thick aluminum oxide layers at the
interior sections of the diffuser, especially wherein the flow
separation occurs. It is worthy to mention that for protecting
diffuser metal body from melting, spraying toward the outer
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Fig. 1. Schematic diagram of high altitude facility

layers is employed to decrease its significant hot temperature.
It can be said that the outer layer temperature is less than 700
K [5]. In the following, there is a creation of aluminum oxide
deposition layers at the interior section because of cooling the
body of the diffuser.

Unfortunately, there have been reported few researches
about hot gas tests in high altitude test facility. Furthermore,
there has not yet been seen any researches related to
accumulated aluminum oxide deposition in the interior
surface of the diffuser in exception with a research which has
reported gathering deposition particles at ONREA institute in
France which was a mechanical approach [6].

Since the deposition of aluminum oxide causes a change
in the cross-section area of exhaust diffuser, investigation
of deposition effect on diffuser performance during motor
operation can help the researchers to walk on the true way in
the decision-making process
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Fig. 2. Schematic diagram of the second throat constriction

This study is neither relating the procedure of accumulating
of aluminum oxide deposition layers at the interior walls of a
diffuser nor its quantity estimation. The aim of this research
is investigating the causes of its canal obstruction in the high
altitude test facility performance.

2. Problem Definition and Numerical Method

Due to the high momentum of the flow at the inlet section
of the diffuser, the deposition is not mainly stuck to the wall.
But because of the flow separation, a lot of deposition will be
accumulated at the ending section of the diffuser. So that, it
is assumed that there is some deposition at the semi-ending
section of the second throat. The experimental tests also
confirmed this process of deposition formation [7]. Fig. 2
shows a schematic of canal constriction.

3. Results and Discussion

In this study, the validation of numerical approach
has been investigated by utilizing the test results of an
experimental motor test in high altitude test facility at space
transportation research institute. The computed results by the
numerical method are compared with experimental data (Fig.
3), which is shown a good agreement.

The purpose of this section is investigating the influence
of constricted cross section at flow physics. For this reason,
constriction parameter, n, has been defined as an amount for

Mach Number

00 07 13 20 26 33 39 46 52
n=1.00

- ————

n=0.90

e —)
_ n=10.380 -
n=075 -

N n=070
T ——
n=0.67 -

n = 0.64 -
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Fig. 3. Comparison of computed and measured pressures along
the diffuser

specifying the variable diameter of second part of second
throat per constant diameter of the first part. In the initial
condition, there is no constriction in second throat, thus n
must be equal to one.

The flow Mach number contour in distinct constriction
parameters has been shown in Fig. 4. When n is equal 1,
supersonic flow is being created in the nozzle and in the inlet
section of the diffuser. By decreasing of n, the separation area
in the first part of second throat will be lower, moreover, the
supersonic flow area will be expanded more and the pattern
of the flow will be improved in the diffuser. In the next,
when n is changed from n=0.7 to n=0.67, it leads to flow
disruption inside the diffuser. In this condition, the pressure is
increasing in the vacuum chamber. Whereas, nozzle is still in
the start mode. In the following, by decreasing n to 0.64, the
separation point is moving into the nozzle, and both of nozzle
and diffuser will be in unstart modes.

Further investigation shows that the separation point is
moved to the downstream by increasing constriction until
n=0.8. When n is equal to 0.7, the separation point is moved to
the inlet of the diffuser. The reason of this matter is regarding
to the supersonic flow that is kept up much more at the length
of the diffuser. By increasing the constriction (n=0.64), flow
is choked and the diffuser is exited from start mode. Based on
the shock function contour in Fig. 5, it can be seen that the
number of shock waves with weak strength is increased based
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on the contour of the shock function (Fig. 5) by constricting
the channel from n equal 1 to 0.7. There are some significant
changes in structure of shock waves in n=0.64 and n=0.67.
By decreasing the cross section (n=0.64), the second part of
the second throat is choked and the supersonic flow will not
be created at the inlet of the diffuser.
4. Conclusions

In present study, the effect of second throat blockage of
supersonic diffuserin high altitude test facility was numerically
investigated. Results have shown that, constriction of second
throat from 1 to 0.7, not only does not cause disruption in
diffuser performance but also, it has further developed the
supersonic flow during the diffuser. On the other hand, shown
that further reduction of parameter n, is Causing suffocation
of flow in this region and, poor performance of diffuser.

References
[1] E. Farber, J. Louwers, T. Kaya, Investigation of Metallized
and Nonmetallized Hydroxyl Terminated Polybutadiene/
Hydrogen Peroxide Hybrid Rockets, Propulsion and
Power, 23 (2007) 476-486.

[2] T. L. Poupoint, T. D. Wood, M. A. Pfeil, J. Tsohas,
S. T. Son, Feasibility Study and Demonstration of

an Aluminum and Ice Solid Propellant, Aerospace
Engineering, (2012) 11.

[3]R. Akiba, M. Kohno, Experiments with Solid Rocket
Technology in the Development of M-3SII, Acta
Astronautica, 13 (1986) 349-361.

[4]Y. M. Xiao, R. S. Amano, Aluminized Composite Solid
Propellant Particle Path in the Combustion Chamber of
a Solid Rocket Motor, WIT Transactions on Engineering
Sciences, 52 (2006) 153-164.

[SIN. Fouladi, A.R Mirbabaei, M. Khosroanjom,
Experimental Study of the Supersonic Exhaust Diffuser
Spray Cooling System, Amirkabir Journal of Mechnical
Engineering, Articles in Press, Available Online from 22
April 2019, DOI: 10.22060/MEJ.2019.15138.6038

[6] C. W. Dennis, A Study of Rocket Exhaust Particles, PhD
Thesis, School of Mechanical Engineering, Cranfield
University, Cranfield, (1996).

[7] Propulsion Research Group, Thermal Protection of
Diffuser Metal Body Using a Cooling System, Tehran,
Space Transportation Research Institute, Report number:
STRI-SSD9980-01-R, (2018) 1-106. (In Persian)

HOW TO CITE THIS ARTICLE

DOI: 10.22060/me;j.2020.16956.6482

N. Fouladi, M. Hataminasab, S. Afkhami, Numerical Analysis of Cross Section Time Variation
Effects of the Supersonic Exhaust Diffuser, Amirkabir J. Mech Eng., 53(3) (2021) 351-354.

353



75 ool SlSo (owigee g pui

VEAS B AVFER Gl AF e o o o)l @Y 0,93 « S yuel SlSo psigen 4 s
DOI: 10.22060/me;j.2020.16956.6482

9o 3gile JB (29,5 Hioatd S ghate s glaiod (Al Ol 1 gda8 (w)

\L;O-ﬁ-él lA’-A.AIJ ;unosb I ;ﬁ\d.)Y? 4”9‘»00.1.3

Ul)"‘ ‘L)l)'e(é 50‘).5] u.JLa.‘B OKM&9)) &LSJL\AB J&D 9 JA.’> dlﬁ dala‘.w DMs)J -
Ol ecilyrg ey ol&ily ¢ 8 (slooaSiily sy «SOlSe wdize a8l =Y

18,5913 ey ,U
AYAAL-S1-Y redly
NEWARVAN Rt
WRANN 5 2oy
AARVARVAT- R H PG

1605 Clols

S P TWIRY
powiagl] ST g
slalaxd glaie g
O s (gilodnd
S e (545D by

Pl M aiil s Sgo 3gdle 3000 0 ,Shas 10 (KBS Cigany 13l qan e sslateds 5y sty e 1S
il )0 oo & Al 5 ()00 UBSE D90 4 porieas]] ST sy b zme (S35 el s
ghie mhw (loy CldS bl 85 5550800 5 U 50 DgoEsile Gl sl Ll il o el oads Bl (go0e
Gngs Djgoty pdueSTE 0Ly gove Llod 5 058 oe 00l ralS S e (oAl b, Sl ooliinl b )jenes
S el o oliid 0y laee S sl Ko (o (5 Jlsil (Sl s 5l g ol (5597008 5
A2 g (L 1 gy 2 el 00 iy 15 ] (sadgl o 4y 5500 493 oSS (glalaned yhaB s b ol py () [ j2e
JLad il fals bg wll ge Bage 55 0)le2s 59, 5l Ol Gl VO LY lade iDL )l i bas
En=2 /Y0 5l e (ol S Glyme Gl 31 sl go (2l 550000 Jawgd by SCliwl jLid b3k ool (S
bl Ol s o j5ess o0 b o gl o Zlsal sl 5 CoBan gl ol56lS o L > Ko 5l on=1/P¥
@3lloly <l 5 5eeins sl ol j3aws oo ) 36 B Jo b )50eed (63959 (a3 o Gl Rl g oad

09.»;‘54 C)L‘> YEs .]a)‘;.w )‘ S 64.]5.0.700 9 AW C)l.’>

Soliwl lacas 4 cad |y 65t loo Grals blus!
Sl cnl yo 36 JBIs 50 sy mead S (o0 w25 e
2 ey 503 S 59y 2 V] ) am 50,0 Ny oo 2058
5 ol ol oSl anl olfis b 56T 55 ¥ 4 psige J5b U5l
el sl ools las J56 ol jo 1 .nw}ﬂ ST 392 L3 JGT
bl (soda o ilgs o coddbiosgd pgaiagll s Siils!
aiS oloul (el ol jad gig0 o Slas o o i i Glas L as
kel Glaciond |8 poiiogl] 0nST O3 Ggwy (ogas o Y]
Lo-f] ol ons @l gla 3,158 &l o J5b
G Glp (B sl cud) Telas ) cus Sl )l Lk
Sl 55 solial il Jobo iU b slessize (iee;
ol oo 00l Giolad VS o D wiul SO Lol s

Gabize Sy g 7 oo b (Soluoils dg) SOl s ol

1  Farber
2 High-altitude test facility
3 Diffuser

doddlo -

lad Ul clagise aale Cogu o 433, 454 dlse LI
dn oS 2l plend SlaS 5 (S g pariegl] DS g5l
e &gty 00t St ponirasl] ST I (6 ldio o]zl 5]
alss Ggrm bz 4 36 &b Sl (Bl el ple ol e
Sl Slie poaiagll ST slozil slos a5 Sl 51085 o
sl el ol Syge 10 (ugemdes (a5 ,0 YoVY) conl YU
adss 5l B8l (S ciliBie Lyl b Co o100 O jalone 50
JS5amzn J3U oyl 4 g oud sezmie chase 4 o
ouZrey sl oy elanl Sliloe Jl> )5 j5i5e aSile )3 g,
]

Olalel obsS Jobo J5b b (e slacs ;0 a5 ol gise
(795 S SpS sles als 5 S bludl Jod g o0
a5 ol azgi 0,8 oo JSE LT 36 J510 5 ey (o5 o
25 3l zo sl g cusl iy 3L Jsb il Sl o

n.fouladi@isrc.ac.ir ;s Jsosgs ssiugy ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

AEAL



Fig. 1. Schematic diagram of high altitude facility
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Fig. 6. Flow Mach number at centerline of nozzle and dif-
fuser for the three mesh grids
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Fig. 5. The computational grids used for the numerical
simulations
o Judoi' 0 ool solasw! S lawlxo aSl 31 ol :b ST

v glad plp Ve 980 o3lailay cawsyg0 b o0 9 Jsbo
Sy .Ioru ‘é,.‘.a.m u)‘ 5o el 00 ul.’)r..u‘ ))9..\.&:\) 6’5)}
2 s (g g5 byd (JiU (539)5 e ;0 T iLid (59
‘b).a.a) ] 0 4.»_‘3; )Ja.: 9O Cewdygo ‘_ga.._>l.' ‘5>3)> 6[.@)).40
o)l520 gobams (oled sl TSllol 5 Gl S pas 5y
Lgl.cs) o )la Y )L.M.e Ls‘)“) J.la) Sy90 )5.’9.0 RGO IPR W JLo.C-‘
Sy 5o eizmed Zawl GuglS YY o bl (6995 50 (sS
OolS Voo oo jauadl glos g 4L+ /AN jLid Cand (g0 (4>l
ax B Dgadsile Hished 1o ol bl U 50 0edee Jlos!
o5y altce il il 5505 s x4 adsl Ll
b @i bl o 50 @ jshaieds (onlply 09t o 1Ko
ad g p5eend Jobo o oz jLid 395 5 J3U sk 50 Soug 5]
aliiss s (M Lyl,s 4 o3 SaeS LS e b ool
D] ol o solaal adgl Lyl s olgicay I

SLo) P jeend 50 35 by oilo pae (iluancd o LI
s VPl el ad 5 )15 oolitul 8,50 Ve CilygS sae bagli Ve
goad 18,5 i s aili Ve Sl a8 yols gadss o [YY-Y)
ol s 30 IO B /Y go3b 0 TedlygS sae lade

Pressure inlet

Pressure outlet

No slip flow and zero heat flux
Courant number

BW N =



012 30000 nodes
= 01k 60000 nodes
8 - - 120000 nodes
E0.08 - . e ., )
= o ! .
?0.06 |- S B
o r ;
o 0.04 — ,
7
0.02 f=rene’
IIII L \l L Il L IlJI IlJ Ill Jll] IIJJ l
12 15 18 21 24 27 30 33 36 39
X/iD

Fig. 7. Diffuser wall pressure distribution for the three mesh grids
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Fig. 8. Wall shear stress distribution for the three mesh grids
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Fig. 13. Centerline mach number variation with constric-
tion number
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Fig. 16. Variation of shock function contour with constric-
tion number
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Fig. 18. Variation of total pressure contour with constric-
tion number
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Fig. 17. Variation of flow stream line with constriction
number
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Fig. 20. Location of separation point in various constric-
tion number
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number contour in various constriction number
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Fig. 21. Performance curve of diffuser, variation of vacuum chamber pressure with motor pressure (pri-
mary geometry)
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Fig. 22. Performance curve of diffuser, variation of vacuum chamber pressure with motor pressure (n=0.75)
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