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1. INTRODUCTION 

 

Hammershock phenomenon is one of the critical situation occurs in inlet duct. 

Especially for high Mach number aircraft its destructive effect can be much higher. 

This phenomenon should be taken into the account from the beginning of 

preliminary desing and needed analysis should be made to create the proper duct that 

withstand shock related design loads. Technically, hammershock is an engine surge 

occurrence causing reverse flow between compressor surface and inlet that generates 

high transient pressure rise at the engine compressor face. Then, this formed reverse 

flow propagates rapidly to inlet. During this propagation it generates high loads and 

temperature differences on both duct and engine. This transient pressure rise called 

as hammershock. During the design stage of the propulsion system, the 

hammershock phenomenon should be carefully examined and the design criteria 

should be determined accordingly in order to minimize any reverse flow and sudden 

pressure increase. The aim of this paper is giving a deep understanding of 

hammershock, its effects, and relation between its impact severity and its parameters 

with a deep literature rewiev and analysis on rise time factor.   

1.1 Purpose of Thesis 

In this thesis hammershock phenomenon will be explained in detail and selected 

paremeter effect of it which is rise time effect will be analyzed in terms of shock 

related design loads. According to investigate rise time effect of hammershock a 

deep literature research will be made on different engines. Purpose of this literature 

is to determine how many rise time scenarios will be tried and how to set these rise 

time variables in these scenarios. After that settings analysis will be run for different 

scenarios and their result will compared from experimental and computional results 

fromm literature. And loads related shock will collected from these different anaylsis 

and will compared to understand the effect of rise time on these design loads.   
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2. LITERATURE REVIEW 

 

The aircrafts which used in supersonic regime work at extreme conditions and there 

is always possibility of failure. There are numerous types of failures that can cause 

fatal consequences. In engine failures very important one is hammershock.  To 

define hammershock properly it is important to understand what is engine surge and 

stall. As defined by Sexton (2001), surge is a dynamic flow interaction in duct and 

engine which result in forward/reverse flows that blow out the combustor’s flame. 

During the surge, engine components have to withstand high pressure and high 

temperature conditions that can cause fracture or cyclic fatigue. In addition, stall 

phenomena is an unwanted flow disturbance similar to surge. However, stall does not 

have destructive effects as surge. Stall prevent the air flow that needed to engine to 

operate and effect compressor pressure ratios badly. 

 

Engine surge causing reverse flow between compressor surface and inlet that 

generates high transient pressure rise at the engine compressor face. Then, this 

reverse flow propagates rapidly to inlet. During this propagation it generates high 

loads and temperature differences on both duct and engine. This transient pressure 

rise called as hammershock (Nugent & Holzman, 1974). During the design stage of 

the propulsion system, the hammershock phenomenon should be carefully examined 

and the design criteria should be determined accordingly in order to minimize any 

reverse flow and sudden pressure increase. The aim of this section is to give a deep 

understanding of hammershock what condition it will happen, which parameter 

effect it in which way and the effect of it on engine components. 

 

Figure 2.1 : Description of Engine Surge, Evans & Truax (1975) 
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2.1 Conditions That Can Cause Engine Surge 

Many conditions that could cause engine surge have been discovered until today. 

Some of them are listed below but it does not mean they will certain cause a surge 

when they exist. They can cause engine surge or stall, if severe enough. As 

highlighted by Mays (1971), conditions that can cause engine surge listed as follow; 

• Atmospheric turbulence 

• Localized changes in inlet angle of attack 

• Acoustical resonance 

• Mechanical failures in fuel control or exhaust nozzle 

• Human errors in system maintenance (dirty compressor components) 

• Ingestion foreign objects/bird strike 

• Aircraft operation outside its design envelop (extreme flight 

maneuvers) 

• Engine operations outside its flight manual procedures 

As specified above there are a lot of condition that can result in engine surge.  

2.2 Technical Terms Investigation 

On the other hand, there are many studies and experiments trying to diagnose the 

dynamics of parameters in hammershock which is very important to build required 

design for aircraft. As mentioned above hammershock is engine surge generated 

pressure pulse which create upstream flow from compressor face to intake. Since 

both steady and unsteady flow have to consider for an engine there are numerous 

parameters should be considered to understand the nature of hammershock. In this 

section there will be the summarized results of articles, conference papers, and 

reports on the subject to give an idea what hammershock dynamics are and how they 

are affected. 

2.2.1 Defining Technical Terms 

 

Before explain the relation of parameters it necessary to give the meaning of related 

term with hammershock.  

AIP (Aerodynamic Interface Plane); is the plane that first airflow that coming 

from intake interact with engine.  It is also known as compressor face. 
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Pressure Transient; is an overpressure situation caused by formation of 

compression wave called hammershock at the engine face. 

Overpressure Ratio (Hammershock Pressure Ratio); is the ratio of static pressure 

after hammershock over steady state pressure before hammershock. According to 

notion of Miller & Hamstra (1996) it can be formulated as;  
 
 .  

Pressure Recovery; is also known as air intake efficiency can be defined as the ratio 

of total pressure at AIP divided by free stream total pressure; . Pressure recovery 

can be both estimated by experiments in Wind Tunnel (WT) and Computational 

Fluid Dynamics (CFD).  

Peak Pressure; is the maximum pressure that the air inside the duct has reached 

during the hammershock. Maximum value of hammershock overpressure. 

Normalized Duct Hammershock Pressure Ratio; can be defined as, duct 

hammershock pressure ratio over free stream total pressure; . 

Ultimate Differential Pressure; is the one of the key loading parameters that 

consider during propulsion design section. It takes into the account during design 

inlet structure (Miller & Hamstra, 1996). Ultimate differential pressure found by 

selecting two factors of safety (FS) for aircraft and its formulation is; 

 

Rise Time (Time to Surge/Flow Reduction Time); is the time that pressure make 

peak from its original value. It is also known as flow reduction time or time to surge. 

Fall Time; is the time it takes for the pressure to recover from the maximum point 

value to its original value. 

Time Interval; is the general term that include both rise time, fall time, and total 

surge time etc. 

Expulsion Time; is elapsed time that hammershock reaches from AIP to the inlet.   

Area Ratio; is the ratio of compressor face area to inlet throat area. 

Free Stream Area ; is the area enclosed between the dividing streamlines 

Highlight Area ; is the area of the disc that is created from the furthest 

protruding point of the cowl into the freestream (the leading edge). 

Throat Area ; is simply the area of the intake at its narrowest cross-sectional 

location. 
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Engine Face Area ; is the area of the plane lying where the first row of 

compressor blades would lie. 

Capture Flow Ratio (CFR); can be defined as free stream area over highlight area, 

 

Distortion; is the term to the total given variation of face. It has been shown that a 

high degree of distortion can induce engine surge. Distortion is quantified by a 

number of parameters and equations. The most popular descriptor used in the United 

Kingdom and introduced by Rolls Royce is the coefficient as; .   

, represents the mean total pressure in the sector .  , represents mean total 

pressure in engine face.  , represents mean total engine face dynamic pressure. 

Mass Flow Rate; is also known as capture flow ratio, MFR =  

Inlet Volume; is the volume that airflow fills first. It can be changed by bypass 

valves there a lot of studies on it. 

Compressor Face Mach Number; the Mach number of flow during the passing 

though compressor face. 

Freestream Mach Number; is the Mach number of free steam air.  

Flow Coefficient; is axial velocity through the compressor over compressor blade 

velocity and it determines the angle of attack on the compressor. It can be formulated 

as;  . If   is high there will be negative angle of attack. If   is low there will 

be positive angle of attack, as revealed by Randolph (2001). 

Flow Reduction; the reduction of flow passing though the compressor face. 

Surge Cycle Time; the time elapsed that a hammershock start and finish. In another 

word, it is the time passed that pressure rise, fall and recover it original point. 

Surge Mass Flow; is the amount of flow mass that cause engine surge. When 

compressor mass flow is equal to surge mass flow for the current shaft speed, engine 

enters the surge state.   

Surge line; is the line formed by surge mass flows for all shaft speeds (Leufven & 

Ericson, 2008) 
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2.2.2 Experimental Methods to Create Engine Stall 

 

All studies done earlier on hammershock start with examine the stall type of engine. 

To investigate effect of parameters on hammershock engine stall is needed. In this 

section stall types that start surge will be defined. Each and every different stall 

method will result with different hammershock parameters on same engine that 

examined. 

1-Fuel Pulse 

According to experiments of both Young & Beaulieu (1975) and Kurkov et al. 

(1974) done to create intentional fuel pulse shows that fuel pulse can be created in 

engines with afterburner. To start fan stall a revision made on afterburner section that 

allows to bypass afterburner and transmit extra fuel in afterburner which is %50 extra 

fuel. During the acceleration with this %50 extra fuel cause %150 increase in fuel 

flow in main burner section. This extremely fuel rich mixture produce a high back 

pressure on compressor which resulted in a stall that we desired at the beginning. 

Based on the experiments of Kurkov et. al (1974) showed that fuel pulse often 

resulted in a distinct compressor discharge pressure rise in 60 msec of stall. 

2-Distortion Stall   

Is one of the most formed stall types it can occurred by reducing inlet throat area or 

opening bypass doors. There are two type of distortion stall steady state pressure 

distortion stall and dynamic pressure distortion stall (Young & Beaulieu, 1975). 

3-Inflow Bleed 

Progressive entrance of air into the high-pressure compressor discharge volume 

(Kurkov et al., 1974). 

4-Engine Acceleration  

Slowly developing the engine throttle in conjunction with nozzle area setting. To 

illustrate, engine stall with reduced throat area (Kurkov et al., 1974). 

5-Supersonic Buzz Induced Stall 

Gradually increasing exit nozzle area by opening inlet throat (Young & Beaulieu, 

1975). 

6- Introducing Afterburner Transients 

7-Inducing Inlet Flow Distortion 
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As described in above there are several types of engine stall result with 

hammershock. During the experiment made on engines of GE 1/10, TF-30, J-85 and 

B-1 showed that in every stall type the reaction of engine is different. The strongest 

hammershock in TF-30 and GE 1/10 engines seen as a result of fuel pulse and 

afterburner transient stalls. According to experiments on these three engines highest 

AIP static pressure during stall was about twice of engine inlet static pressure. In 

sum, same engine gives different rise times and overpressure ratios during the 

experiments of different stall types. Also, peak hammershock pressure occurred in 

distortion stall. Moreover, Kurkov et al. (1975) stated that different stall methods 

produce stall at different location on compressor have effect on the intensity of 

hammershock wave. 

2.3 Parameters in Hammershock That Affect Each Other 

Since engine surge is a very dynamic prosses there are a lot of parameter that affect 

each other in hammershock phenomena. The temporary pressure fluctuation created 

by hammershock can trigger different fluctuations before recovery from the 

compressor surface, such as rotating stall or duct buzz. These cycles are associated 

with cyclic motion of the inlet shock system. At this section summarized results will 

be described one by one. 

2.3.1 Hammershock Propagation and Strength 

 

First of all, hammershock strength depends on many variables. Different 

hammershock strength seen in different time intervals for given engine. In addition, 

hammershock transient behavior after the shock is not same all the time. It is very 

important to understand the relations and make structural design which is the purpose 

of this thesis. Nugent and Holzman (1974) remarked that pressure rises recorded in 

the duct is higher than inlet cone pressure rises which resulted that hammershock 

strength decreases after hammershock leaves the duct, however it does not decrease 

to zero.  So, it will near portion of aircraft ahead of the duct. According to Dawson 

(1971), intake blew down create very strong interaction with boundary layer near 

fuselage, it produces separation of wing flow which elongated 4 - 0.5 radii of intake 

lip. Hammershock strength is affected from; 

• Compressor face Mach number 
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• Amount of flow reduced 

• Flow preceding reduction 

• Change in area 

• Time interval 

Strength can be investigated by assuming one dimensional steady flow in stream tube 

or duct. Importantly, net speed of hammershock in constant duct area ratio is 

function of duct mach number and flow reduction (Nugent and Holzman, 1974). 

Further, hammershock strength is not uniform along duct it can be due to the duct 

curvature or disorganization at the beginning. 

2.3.2 Hammershock Pressure Ratio/ Overpressure  

 

Based on the findings from Nugent & Holzman (1974), it can be concluded that 

hammershock pressure ratios increase with steadily flow reduction in constant duct 

Mach number.  If flow reduction is constant hammershock pressure ratio will 

increase with increase of duct Mach number. Hammershock pressure ratio is not 

dependent from free stream Mach number and flight altitude. In comparison, it is 

strongly depending to compressor face Mach number and its related parameters, as 

engine corrected speed, engine corrected airflow, and compressor pressure ratio. 

Hammershock pressure ratio will increase as the compressor pressure ratio increases. 

According to Marshall (1973), peak hammershock pressure is %65-70 larger than 

free stream stagnation pressure. Peak pressure is strong function of area ratio and 

compressor face Mach number. Inlet volume effect on peak pressure is very little 

which can be neglected. 

2.3.3 Bypass Ratio Effect 

 

Bypass ratio is the ratio of flow passing though the fan over flow passing though the 

core section of engine.  According to Kurkov et al. (1975) and Young & Beaulieu 

(1975) there is no evidence showed bypass channel reduce the hammershock 

strength. However, high bypass ratio means less air stalled in compressor and smaller 

total pressure. It is also known that when bypass channel is open hammershock 

pressure get reduced, but there is no experimental data that proof this thesis. Only 

Marshall (1973), semi empirical methods reveal that peak overpressure decreased 

with increasing bypass ratio. 
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2.3.4 Temperature Effect 

 

During the hammershock there will overtemperatures as overpressures.  There are 

studies which investigate the instantly temperature rises. Based on the ideas of Mays 

(1971) it can be argued that during the engine surge there is two significant peak 

temperature points;  

• The first significant temperature increase is caused the compressive heating 

of gas by the compressor wave propagating upstream.  

• The second and much larger temperature rise is due to the backward flow of 

burnt gas, not forward. This is local flow reversal where the burned gas no 

flowing upstream which is fuel pulse. If aircraft has not afterburner there will 

be very little risk of such as high temperature rise. 

At the point where fuel pulse expanded, compressor recovered and huge amount of 

air taken to engine the temperature has dropped its original value with this fresh air. 

Since the reversal flow is not radially uniform the strength of temperature wave is 

not uniform too and significant variation in temperature flow occur, but its cooled 

equally by cold gas taken. As a result, temperature is not such a critical parameter as 

it comes back its original level with cold air when the compressor recovers.  

2.3.5 Rise Time Effect  

 

Rise time is parameter that characterizing inlet overpressure. The research of Miller 

& Hamstra (1996) has showed that rise time influences hammershock velocity and 

overpressure. Longer rise times and shorter fall times will reduce over pressure 

strength in inlets. However, there is an important point about the this increase or 

decrease in rise and fall time. Rise time and fall time should be greater or smaller 

than a certain value. In experiment of Miller & Hamstra (1996) this certain time is 10 

msec, to see the reduction in overpressure strength rise time should be longer than 10 

msec and fall time should be less than 10 msec. If the rise time is greater than the 

critical time, hammershock cannot reach its full strength. Moreover, hammershock 

velocity decrease with increasing rise time. In addition, expulsion time increases with 

rise time increases. Similarly, research of Dawson (1971) is proofed that if flow 

reduction time which is rise time increases above critical value, maximum 
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overpressure will decrease. According to result of Dawson (1971) experiment that 

can be seen from figure 1 he tried 3 different rise time with %100 flow reduction and 

2.3 Mach number which result at significant change in hammershock overpressure. 

 

Figure 2.3.5.1 : Effect of Rise Time on Overpressure, Dawson (1971) 

 

Leufven (2008) investigate what parameters effect rise time in which way. He made 

three different experiment to examine three different parameters which are constant 

inlet condition, lumped control volume, and constants shaft speed. according to his 

experiment results it can be concluded that throttle closing speed has significant 

effect on time to surge. In addition, shaft speed dynamics can be neglected because 

of its slow dynamics. Also, temperature dynamics can be neglected. 

 

Mays (1971) defended that at least 2 parameters were needed to define surge; exact 

flow history of compressor face and time interval of fluctuation occurred on 

compressor face. As rise time increases peak pressure will decreases in subsonic 

duct. 

 

Figure 2.3.5.2 : Parameters for Characterizing Inlet Overpressures, Miller & 

Hamstra (1996) 
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Figure 2.3.5.3 : Rise and Fall Times Can Influence Inlet Overpressures, Miller 

&Hamstra (1996) 

2.3.6  Inlet Geometry and Area Ratio Effect  

 

The aim of all propulsion design is reducing inlet peak pressure during surge. Other 

important parameters to control peak pressure are inlet geometry and area ratio. 

According to Mays (1971) peak pressure is strong function of area ratio which is 

compressor face area divided by throat flow area. From figure 5 it can be seen that 

smaller area ratio will end smaller peak pressure in duct. 

 

Figure 2.3.6.1 : Area Ratio Effect, Mays (1971) 

In the study of Dawson (1971) free stream Mach number and area ratio kept as 

variable to see the effects on overpressure. They both kept as variable since variable 

free stream mach number investigated with constant area ratio showed that there is 

no significant change in hammershock overpressure (as cited in Hamstra, 1969) 
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which means free stream Mach number alone has no effect on overpressure. Results 

of Dawson (1971) revealed that area ratio has major on overpressure as larger area 

ratio result with increases peak overpressure ratio. He tried 3 different Mach numbers 

with 3 different area ratios according to results which can be seen bellow in figure 6, 

show that in the tests an opposite trend occurred than predicted.  

 
Figure 2.3.6.2 : Effect of Area Ratio on Maximum Pressure Ratio, Dawson (1971) 

 

These differences between theoretical and experimental data based on one 

dimensional inviscid properties and viscous effects. Diffuser boundary layer will 

separate as downstream pressure rises rapidly. When this occurred, energy loses will 

raise and significant divergence from predicted pressure levels can be seen. In figure 

7 this divergence can be seen based on experiment of Dawson (1971). 

 

Figure 2.3.6.3 : Difference Between Data by Effect of Rise Time, Dawson (1971) 

Moreover, Miller & Hamstra (1996) research showed that peak overpressure ratio is 

strong function of area ratio. Peak overpressure ratio increases with area ratio 

increase based on experiment of 5 different engines. 
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Figure 2.3.6.4 : Diffusion Area Ratio Increases Overpressure Strength, Miller & 

Hamstra (1996) 

2.3.7 Effect of Volume Change 

 

Dawson (1971) made a set of experiment to investigate the effect of changing the 

volume between the compressor face and exit by using a sliding sleeve. Thus, he 

simulated stalls at various stages in the compressor. He decided to compare two 

cases, the maximum volume which was 30 cubic inches and the minimum volume 

which was 11.75 cubic inches both of them using %100 flow reduction in 0.001 

seconds at 2.65 Mach number. As it can be seen from the experiment results bellow 

the is no effect of changing volume on overpressure ratio.  

 

Figure 2.3.7.1 : Effect of Volume Change, Dawson (1971) 

Similarly, Mays (1971) point outed that inlet volume had little effect on peak 

pressure, however it did influence on the duration of surge. 
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2.3.8 Effect of Duct Length  

 

Another critical parameter for propulsion system is duct length. The area ratio and 

inlet volume parameters discussed above, in this section duct length effect will be 

discussed. Duct is used to slow air flow which going to engine for producing thrust. 

According to Miller & Hamstra (1996) hammershock reach its maximum strength 

 of duct length, which means duct length and area ratios distributions along this 

length are crucial. Furthermore, a duct length greater than some critical value will be 

exposed to maximum hammershock strength for a give duct area distribution. Rather, 

a duct length shorter than critical length can produce a diminished strength 

overpressure response. Miller & Hamstra (1996) suggested that knowledge of duct 

length and area ratio distribution may suffice to evaluate surge induced shock 

strength from the engine face to the throat. 

2.3.9 Effect of Angle of Attack on Maximum Pressure Recovery 

 

Pressure recovery value of engine change according to angle of attack during the 

maneuver. High angle of attack will create smaller pressure recovery. After the angle 

of attack exceeds a certain value, larger changes in pressure ratio and overpressure 

will be observed, as identified by Dawson (1971). He made experiment with three 

different angle of attack and observe pressure recovery on compressor face and 

overpressure ratio. At zero angle of attack PR was 0.9 and overpressure was 1.03. At 

 angle of attack PR was 0.82 and overpressure was 1.07. At  angle of attack 

PR was 0.71 and overpressure was 1.14. Critical angle was  in this engine after this 

value PR will decrease rapidly and overpressure will increase rapidly, too result of 

experiment can be seen figure bellow. 

 

Figure 2.3.9.1 : Effect of Angle of Attack on Pressure Recovery and Overpressure, 

Dawson (1971) 
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2.3.10  Effect of Flow Reduction Ratio 

When a flow reduction is 100 percent which means duct flow is stopped instantly 

and stagnated. When a flow reduction is less than 100 percent only a portion of flow 

stopped and remaining flow continue with much lower Mach number. When a flow 

reduction is greater than 100 percent all duct flow is stopped and that portion of flow 

will be reversed, instantly. At 100 percent of flow reduction total and static pressure 

ratios are equal because flow is stagnated. According to Nugent & Holzman (1974) 

hammershock pressure ratio will increase with increasing flow reduction, if flow 

reduction is constant ratio increase with duct mach number. In figure 10 bellow, 

is total pressure of hammershock and is hammershock pressure ratio. 

 

Figure 2.3.10.1 : Hammershock Pressure Ratio as a Function of Duct Mach Number 

and Flow Reduction, Nugent & Holzman (1974) 

Dawson (1971) also examine the effect of flow reduction on overpressure ratio and 

did a set of experiment. He tried three different flow reduction ratios as; %100, %60, 

and % 30 in 0.001 seconds at 2.56 Mach number. Results showed that overpressure 

increased as the amount of flow reduction increased. 
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Figure 2.3.10.2 : Effect of Flow Reduction, Dawson (1971) 

2.3.11 To Avoid Surge Condition and Minimize Its Detrimental Effects  

 

As described above surge is a situation that can lead to fatal consequences for the 

propulsion system there are a lot of parameters effect it. With appropriate 

mechanisms it can be possible to avoid this surge situation, reducing its detrimental 

effects, and controlling it. According to Mays (1971) to avoid surge condition 

compressor recovery value can be increased by using variable flow geometry and 

auxiliary air systems. Techniques that minimize the detrimental effects are using 

variable inlet guide vanes (VIGVs) at the entrance of compressor stage, using 

variable stators between compressor stages similar to VIGVs, and using bleed valves 

are suggested by Sexton (2001). Equally, Leufven & Ericson (2008) indicated that 

using valve to avoid surge with the help of this valve compressor pressure will 

decrease and shock will be avoided. The aim should be controlling this valve with 

knowing critical parameters such that where surge starts, pressure fluctuations, cycle 

time, rise time, and surge mass flow. 

 

According to Young & Beaulieu (1975) future designer should be concerned about 

low medium altitude, subsonic to low supersonic aircrafts. The representative engine 

conditions will be like; 0.4 to 0.5 duct Mach number; 20 cycle ratio; at high altitude 

Mach number 2; and overpressure ratio 2 to 3. These values are given just for basic 

understanding of what kind of aircraft parameters can be needed it can be change 

with mission and features of aircraft designed.  
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2.4  Test Case Review 

In this section of the literature review, hammershock parameters for the engine ducts 

previously used in hammershock studies will be listed. Some of these ducts used in 

researches that describe effect above. This section will give a background on engine 

surge experimental and computational study literatures and validate against suitable 

unsteady cases. Unfortunately, there has not been a great deal of computational work 

into the study of surge and surge wave propagation and what work that has been 

done does not relate to diffusing s-duct intakes. In order to select test case for engine 

surge phenomenon, the important parameters are given in introduction part as 

detection of shock propagation speed, over-pressure ratio and engine surge signature. 

In test case selection study, it is important to have; 

• Fluid phenomenon should be match or at least should be similar to 

hammershock 

problem in s-duct inlet. 

• Model geometry that used in experimental study must be provided.  

• Boundary condition information that used in experimental study must be 

given. 

• CFD comparison study with experiment is an advantage to select that test 

case.   

2.4.1 Pratt & Whitney F119-Pw-100 Turbofan Engine 

 

Pratt &Whitney F119-Pw-100 turbofan engine designed to power Lockheed Martin 

F-22 Raptor which is advanced tactical fighter. Unsteady predictions of 

hammershock propagation in the F-22 Advanced Tactical Fighter inlet at supersonic 

speeds are presented. The predictions include an unsteady engine backpressure 

boundary condition, boundary layer bleed, and time varying bleed plenum 

conditions. A time history of the forces in the duct are presented, as well as plenum 

flowrates and engine face mass flows. Results are presented for several time-steps, 

grid densities, Mach numbers and corrected mass flows. Geometry; An integrated 

forebody/inlet geometry was used for this work, with the inlet internal geometry 

extending all the way to the engine face. Since all cases were run at supersonic 

conditions, the external geometry was cut off aft of the diverter. 
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 Boundary conditions for steady state solutions provided local Mach number, 

static pressure, and total pressure at the inlet diverter entrance and at the engine face 

as a function of engine corrected airflow and freestream Mach number. For the 

original steady state solutions, a constant back pressure boundary condition was used 

at the compressor face, for the later runs a uniform Mach number was imposed. This 

change provided better convergence and the surface pressures agreed much better 

with the experimental data. The uniform Mach condition was also imposed at the 

inlet diverter entrance. Characteristic far-field boundary conditions were imposed on 

the outer boundary. Flow tangency boundary conditions were used on the solid 

boundaries. The boundary conditions were completed by imposing symmetry 

conditions on the symmetry plane of the grid so that only half the airplane was 

modeled. Engine overall pressure ratio (OPR) vs.  was provided by the engine 

manufacturer. Mach 

 

Figure 2.4.1.1 : Final Grid about F-22 Forebody Inlet Geometry with Highlighted 

Inlet Cross-Section for Clarity 

 

Figure 2.4.1.2 : F-22 Engine Face Hammershock Overpressure Waveform 

The engine face surge overpressure waveform (hammershock overpressure 

waveform) is critical for a correct emulation of the engine face stall behavior. A 

"guillotine" or instantaneous step function at the engine face is not used because this 

behavior does not correctly model the overpressure time dependence. The 

"guillotine" case in which engine flow is instantaneously stopped does not correctly 
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model forward expulsion of compressor air forward into the duct. The compressor 

face surge behavior utilized for this study relied on a more gradual build-up to peak 

engine face overpressure. In the "guillotine" case the ramp-up to peak pressure may 

only last 2-4 milliseconds and the entire event has concluded with engine face 

pressure ratios returning to steady-state within . Hard stall 

events may have a total duration of between  and . It has selected between 

 to  

 

Figure 2.4.1.3 : Pressure Contours at A) 1000, B) 2600, C) 3000, D) 5000, E) 7200 

and F) 12000 Iterations 

2.4.2 General Electric J85-13 Turbojet Engine 

 

General Electric J85 engine was originally designed to power a large decoy missile, 

the McDonnell ADM-20 Quail, however its variations used to power small jet 

aircraft, including the Northrop T-38 Talon, Northrop F-5, Canadair CT-114 Tutor, 

and Cessna A-37 Dragonfly light attack aircraft. It is a single spool turbojet engine 

which equipped with afterburner. It has 1.5 bypass ratio. The eight-stage axial 

compressor in engine is equipped with variable inlet guide vanes. Porro (2002) made 

a set of experiment with J85-13 engine to see the behavior of hammershock on 

engine in the NASA Glenn Supersonic Wind Tunnel. He used engine with its 

afterburner but afterburner used for only initiate engine compressor stall; thrust 

producing component were not active. Coordinate system of experiment can be seen 
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in figure bellow; model located to wing simulator as the inlet cowl lip located outside 

of the wing simulator for avoiding boundary layer ingestion.  

           

Figure 2.4.2.1 : Coordinate System for Experiment and Maximum Overpressure, 

Porro (2002) 

Test Conditions;  . 

At  is the time that hammershock started. Maximum overpressure is 3.53 that 

occur at  which is rise time in spanwise  and axial 

location . At  hammershock recedes its maximum 

forward location. Finally, when the static pressure has recovered to 

the ambient state and hammershock propagation has completely dissipated. The 

detailed geometry of duct used in J85-13 is not available, so it cannot be chosen as 

case study. 

 

Figure 2.4.2.2 : Engine Investigated, Kurkov et al. (1974) 

2.4.3 Pratt & Whitney TF30-P-1/3 Turbofan Engine 

 

Supersonic General Dynamics F-111 Aardvark aircrafts powered two TF30-P-1 

afterburning turbofan engine side by side in aft fuselage. in propulsion system. 
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Engine inlet incorporates a variable geometry, one quarter, axisymmetric double 

cone for supersonic compression. Nugent & Holzman (1974) made 21 experiment to 

understand the behavior of hammershock and find parameter for TF30-P-1 engine. 

Static taps utilizing miniature high frequency response transducers and special design 

probes are used in these experiments. According to experiment airspeed ranged from 

0.71 to 2.23 and altitude varied from 3200 meters to 14500 meters. The rise time 

found as , fall time , and maximum overpressure ratio was 

1.83. Kurkov et al. (1974) made experiment on same engine but different version 

TF30-P-3 rise time is nearly as the P-1 version is  and overpressure is about 

the twice engine inlet static pressure. However, there is no geometrical information 

about duct used for this engine in detail. 

 

Figure 2.4.3.1 : Engine Investigated, Kurkov et al. (1974) 

2.4.4 General Electric GE 1/10 Turbofan Engine 

 

The GE 1/10 engine is being used in the McDonnell Douglas F-15 Eagle and 

Rockwell B-1 Lancer engines. It has a two-stage fan on the low-speed spool and a 

seven-stage axial compressor on the high-speed spool. It has with higher bypass ratio 

and afterburner which cause more strengthen hammershock occur. According to 

Kurkov et al. (1974) maximum overpressure ratio was  which stall type is fuel 

pulse.  Rise time is  and all time is . However, there is 

information about duct geometry in detail. 

 

Figure 2.4.4.1 : Engine Investigated, Kurkov et al. (1974) 
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2.4.5 F101 Turbofan Engine 

 

F101 turbofan engines developed by General Electric for Rockwell B-1B Lancer 

strategic bomber aircrafts. Data from recent F101 engine inlet compatibility test in 

the Arnold Engineering Development Center Propulsion Wind Tunnel finding give a 

deep information about engine response to hammershock. Experiment made engine 

with bypass ratio of higher than 2. Different stall methods were examined on F101 

and each of stall methods give different rise and fall time on same engine. Three 

different intentional engine stalls in the B-1 model tested and data analyzed. 

According to these tests; firstly, pulse stall method was intentionally initiated and 

tried, so rise time was  and fall time was . Secondly, distortion stall 

was intentionally initiated by reducing the fan inlet area by fifty percent, so rise time 

was  and fall time was . Finally, supersonic distortion stall was 

intentionally initiated by opening bypass doors, so rise time for this stall method was 

 and there is no information about fall time (Young & Beaulieu, 1975). 

Unfortunately, there is no overpressure value for compressor and geometrical 

information about duct of this engine, so this engine cannot be used as test case for 

experiments to be carried out under this thesis. 

 

Figure 2.4.5.1 : B-Inlet/ Engine Major Details, Young & Beaulieu (1975) 

2.4.6 Volvo RM12 Turbofan Engine 

 

The Volvo RM12 is a low-bypass afterburning turbofan jet engine developed for the 

Saab JAS 39 Gripen fighter. Ytterström & Axelson (1999) made a computational 

analysis for finding best method of analysis of hammershock on JAS 39 Gripen 

fighter aircraft and pressure effect of hammershock on it. Viscosity is not considered 
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to have so much impact and is far too expensive for a time accurate calculation of a 

complex 3D geometry as the JAS 39 Gripen. They start with time stepping meshing 

effect on CPU time which have major effect on research. First, a steady-state solution 

is obtained using a constant static pressure as the intake duct outflow condition, into 

the engine. Then, a time-accurate calculation is performed using a time dependent 

static pressure, at the intake outflow, simulating an engine stall. The steady-state 

solution is used as starting solution for the time accurate calculation and the outflow 

boundary condition at AIP is changed from a constant static pressure to a time 

dependent static pressure. The pressure pulse shown in below figure resembles the 

behavior of the static pressure when the engine stalls. According to their 

computations mesh sizing as 83 blocks in the mesh with total 1 707 938 cells were 

enough to get converged results. Time stepping computations shows using a 

would demand a CPU time of 685 years. After some initial tests with 

different  shows   was considered to give an accurate enough result for 

this engine. According to figure bellow hammershock time intervals can be seen as; 

rise time is  and fall time to the peak is . After fall time passed, 

the buzz stall condition is observed when the compressor is recovered to initial 

pressure value of the compressor instantly, which means that a short-time fluctuation 

in the pressure takes about additional  to study and the engine is completely 

out of the hammershock effect. So, total simulated time for this engine hammershock 

is  or . Furthermore, there is no detailed information about 

overpressure ratio and geometrical information about duct used for JAS 39 Gripen- 

Volvo RM12 engine which means this engine is not appropriate as a test case 

selection. 

 
Figure 2.4.6.1 : Time dependent static pressure at AIP for the time accurate 

calculation, Young & Beaulieu (1975) 
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Table 2.4.6.1 : Hammershock Propagation of Jas 39 GRIPEN A) Close to the Duct 

Exit, B) In the Middle of the Duct, C) Close to The Entrance of Duct, D) In front of 

the Duct Entrance, Young & Beaulieu (1975) 

 

A) Pressure distribution on the 

forebody and intake duct of JAS 

39 GRIPEN at t=20 ms. 

 

B) Pressure distribution on the 

forebody and intake duct of JAS 39 

GRIPEN at t=27 ms. 

 

C) Pressure distribution on the 

forebody and intake duct of JAS 

39 GRIPEN at t=32 ms. 

 

D) Pressure distribution on the 

forebody and intake duct of JAS 39 

GRIPEN at t=35 ms. 

2.4.7 Rolls-Royce Olympus 593 Turbojet Engine 

 

The Rolls-Royce Olympus 593 was an afterburning turbojet which powered for the 

supersonic airliner Concorde. Overpressure ratio for Olympus 593 is 2.03, however, 

there is no exact value of hammershock time intervals and geometrical information 

for this engine. So, Olympus 593 is not an appropriate selection as a test case 

(Kurkov et al., 1975). 
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Figure 2.4.7.1 : Comparison of hammershock Pressure Ratios for Several Engines, 

Kurkov et al. (1975) 

2.4.8 General Electric GE-4 turbojet Engine 

 

The General Electric GE-4 turbojet engine was designed in the late 1960s as the 

powerplant for the Boeing 2707 supersonic transport. The GE-4 was a nine-stage, 

single-shaft, axial-flow turbojet based largely on the General Electric YJ93 which 

powered the North American XB-70 bomber that is an experimental aircraft. The 

GE-4 was the most powerful engine of its era from the findings of Dawson (1971) 

gives information about time intervals of hammershock for GE-4 engine. From 

report rise time is  and fall time is for GE-4 engine. 

Unfortunately, there are no data about overpressure ratio and geometrical 

information of duct for this engine which make it inappropriate selection for test 

case. 

2.4.9 Pratt & Whitney F100-PW-200 Turbofan Engine 

 

The Pratt & Whitney F100 -PW-200 an afterburning turbofan engine manufactured 

by Pratt & Whitney that powers the F-15 Eagle and F-16 Fighting Falcon. Miller & 

Hamstra (1996) research focus on hammershock effect on F100-PW-200 engine and 

found rise-fall times as; rise time was  and fall time was  In addition 

peak overpressure ratio found as 2.29 for this engine, however there is no detailed 

information about geometry of this engine duct which means it cannot be used as test 

case.   
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2.4.10 General Electric YJ93Turbojet Engine 

 

The General Electric YJ93 turbojet engine was designed as the powerplant for both 

the North American XB-70 Valkyrie bomber and the North American XF-108 Rapier 

interceptor. The YJ93 was a single-shaft axial-flow turbojet with a variable-stator 

compressor and a fully variable convergent/divergent exhaust nozzle. Both XB-70 

and XF-108 are experimental aircrafts because of long process time and high 

manufacturing costs. However, during the process section of XB hammershock tests 

made for engine and collected for future researches. Amin & Hall (1971) made a set 

of experiments on XB-70, 1/8 scale to get hammershock data. According to their 

experiments rise time was 23 msec and fall time was 9 msec for YJ93 engine.  

Unfortunately, there is no overpressure data for this engine and no geometrical 

information about duct that used for aircraft, so YJ93 cannot be selected as a test 

case. 

2.4.11 Unnamed Submerged S-Duct CFD Study of Hammershock 

 

Numerical investigation of hammershock propagation in the S-bend intake caused by 

engine surge has been conducted by using Improved Delayed Detach-Eddy 

Simulation (IDDES). The effects of surge signatures on hammershock characteristics 

are obtained. It was shown that once the hammershock is produced, it moves upward 

to the intake entrance quickly with constant speed, however, the strength of 

hammershock keeps increasing. 

 

Figure 2.4.11.1 : Sketch of Submerged S-Duct Geometry 

Ten different surge signatures were considered as shown in below figure Type 1-

Type 3 have a sharp initial rise in positive OPR to the peak value 1.8 and then ramp 

down in different ways, the whole process lasts for  Type 4-Type 6 takes the 

form of a linear rise to the peak OPR, but with different ramp up gradient and the 
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duration of time is still 20ms. Type 7-Type 10 is similar to Type 3 but has different 

OPR peak value equal , and  

 

Figure 2.4.11.2 : Different Surge Signatures That Used in NASA S-Duct Analysis 

 

Both subsonic and supersonic conditions were simulated. For subsonic condition, the 

inflow Mach number is  flight altitude is 0 km, and angle of attack is 0°. For 

supersonic condition, the inflow Mach number is , flight altitude is 7 km, and 

angle of attack is 0°. A total 15 cases were simulated for different inflow Mach 

numbers and surge signatures. Detailed conditions are shown in table 2.4.11.1. 

Table 2.4.11.1 : NASA S-Duct Simulation Cases 

 

During the simulation, the flow rate boundary condition on exit section was set to 

satisfy different inflow Maher numbers, and the average pressure on the exit section 

of intake was obtained. For  cases, the average pressure is  

and for  cases, the average pressure is . This value is used 

as the reference pressure when calculating the OPR for surge signature. 



42 

After the hammer shock was formed  it propagates upward along the 

intake rapidly. The flow velocity after the hammershock is greatly reduced and there 

is obvious counter flow near the wall. After  the hammershock pass 

through the entrance of the intake. 

    

 

Figure 2.4.11.3 : Mach Contours (Left) of Section _A and Pressure Contours (Right) 

of Section _A at Different Time 

Pressure on the intake wall versus time and the pressure was nondimensionalized 

using; 

 

Where P is instantaneous pressure, locale  represents the local average pressure 

without hammershock. So,  represents the increased multiple of pressure 

influenced by hammershock. Pressure amplitude varies between different monitoring 

points, the closer to the entrance, the higher the pressure rise. The maximum pressure 

of point S1 and X1, which are located near the entrance, is much higher than others. 

Meanwhile, the maximum pressure of point S4, S5 is higher than the one of X4, X5 

and pressure of X2, X3 is higher than S2, S3. 
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Figure 2.4.11.4 : of Monitoring Points versus Time on the Surface  

 

The hammershock properties in the S-bend intake were studied by using IDDES 

method, the effects of different surge signatures were obtained. The following 

conclusions can be drawn from this study. 

1)When hammer shock is generated, it propagates upward along the intake rapidly 

with approximate constant speed and the strength of hammer shock increases. 

Meanwhile aerodynamic load of S-bend intake inner wall is uneven under the 

influence of the centrifugal force field. The aerodynamic load on side wall with the 

larger radius is greater. 

2)Ramp down profiles of surge signatures have no obvious effects on the hammer 

shock propagation speed and strength. 

3)Increasing the ramp up gradient of surge signature leads to enhance in hammer 

shock propagation speed and strength. In our case the propagation speeds increase 

from  to 180 m/s and  rise from  to  

4)The intensity of hammer shock increases with the growth of maximum value of 

OPR. They approximate match quadratic function distribution law. The hammer 

shock intensity of supersonic inflow is greater than the one of subsonic inflow. 

2.4.12 RAE M-2129 Intake Model 

 

The Royal Aircraft Establishment intake model M-2129 is commonly used in 

experiment and research as a test case intake model. RAE M-2129 is used with Rolls 

Royce Olympus engine. One of the researches is made by Menzies (2002) in this 

research RAE M-2129 intake model CFD analysis made 4 different surge signatures. 

So, he examined the pressure gradient and load on the wall of duct and time intervals 

during hammershock formation. Different scenarios followed in these 4 surge 
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signatures referenced from previous works. These surge signatures will be discussed 

in detail later in this study and will be tested throughout this study. For now, the data 

of the instantaneous pressure increase and descent model, which is the well-known 

surge signature model (surge signature 3), examined in the study of Menzies (2002) 

will be shared. According to Menzies (2002), rise time was 2.5 msec and fall time 

was 27.5 msec in surge signature 3. Furthermore, overpressure ratio was 3. For this 

research and other previous researches gives a lot of data about M-2129 intake 

model. Also, these data include both experiment and numerical solutions which 

makes this intake model as appropriate test case.  

 

Figure 2.4.12.1 : Surge Signature 3, Menzies (2002) 

 

Figure 2.4.12.2 : Surface Grid od Geometry, Menzies (2002) 

2.5 Selection of Hammershock Test Case 

In this section of literature review test case selection will be made between the 

engines used from specific aircrafts described above. According to the data available 

for hammershock and geometric information of duct that used in these aircrafts/ 

engines are the main criteria of test case selection. For the better examination of the 

computation of design loads associated with engine surge for supersonic aircraft 

issue, the most knowledgeable engine/ aircraft will be selected from above. The total 

information about all engines can be seen the table below as; 
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Table 2.5.1 : Comparison of Hammershock and Geometrical Data of All Ducts 

 

Engine 

 

Aircraft 

Rise Time 

( ) 

Fall 

Time 

 

Overpressure  

Ratio 

Geometrical  

Information 

Pratt & Whitney 

F119-Pw-100 

F-22 Raptor 

Advanced      

Tactical Fighter 

4 15 - No 

General Electric 

GE J85-13 

Northrop T-38 

Talon and 

Northrop F-5 

   No 

Pratt & Whitney 

TF30-P-1/3 

General Dynamics 

F-111 Aardvark    No 

General Electric 

GE 1/10 

McDonnell Douglas 

F-15 and Rockwell 

B-1 Lancer 

 

 

 

 

 

 

 

No 

General Electric 

F101 
Rockwell B-1B 

Lancer 

  

 

- 
No 

Volvo RM 12 Saab JAS 39 Gripen   - No 

Rolls-Royce 

Olympus 593 
Concorde 

- - 
2.03 No 

General Electric 

GE-4 
Boeing 2707   

- 
No 

Pratt & Whitney 

F100 -PW-200 

F-15 Eagle and 

Lockheed Martin F-

16 Fighting Falcon 

 

 

 

 

 

2.29 

 

No 

General Electric 

GE YJ93 

XB-70 Valkyrie and 

North American 

XF-108 Rapier 

 

 

 

 

 

- 

 

No 

NASA 

Submerged S-

Duct 

 

- 

 

20 

 

- 

 

2.2 

 

No 

RAE 

M2129 Intake 

Used with Royce 

Rolls Olympus 

Engine 

  3 Yes 
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According to table above experimental data, computational analysis data, and the 

most importantly geometrical data is available for only RAE M2129 intake model 

which used with Royce Rolls Olympus engine. All in all, RAE intake model is 

selected as test case of this thesis. Its boundary conditions will be determined and 

analysis will be run. After that they will be compared with experimental and 

computational data obtained before. 
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3. BOUNDARY CONDITION DETERMINATION 

 

It is important to determine the needed equations before starting the analysis. These 

equations include isentropic relationships, compressible flow equations, and 

explanation the concept of unsteady theory.  

3.1 Isentropic Relationships 

Isentropic flows occur when the change in flow variables is small and gradual, such 

as the ideal flow through the nozzle. As a gas is forced through a tube, the gas 

molecules are deflected by the walls of the tube. If the speed of the gas is much less 

than the speed of sound of the gas, the density of the gas remains constant and the 

velocity of the flow increases. However, as the speed of the flow approaches the 

speed of sound it must be considered compressibility effects on the gas. The density 

of the gas varies from one location to the next. Considering flow through a tube, if 

the flow is very gradually compressed (area decreases) and then gradually expanded 

(area increases), the flow conditions return to their original values. It can be said that 

such a process is reversible. From a consideration of the second law of 

thermodynamics, a reversible flow maintains a constant value of entropy. This type 

of flow is called as an isentropic flow; a combination of the Greek word "iso" (same) 

and entropy. 

 

The generation of sound waves is an isentropic process. A supersonic flow that is 

turned while the flow area increases is also isentropic. We call this an isentropic 

expansion because of the area increase. If a supersonic flow is turned abruptly and 

the flow area decreases, shock waves are generated and the flow is irreversible. The 

isentropic relations are no longer valid and the flow is governed by the oblique or 

normal shock relations. 

 

During an isentropic process, the state of the thermodynamic variables of a gas can 

change. If the specific heat capacity is a constant value, the gas is said to be 

calorically perfect and if the specific heat capacity changes, the gas is said to be 

calorically imperfect. At subsonic and low supersonic Mach numbers, air is 

calorically perfect. But under low hypersonic conditions, air is calorically imperfect.  
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Since in the case of this thesis flow is subsonic and low supersonic only calorically 

perfect gas equations will be described.  

To start with Mach Number as ratio of the speed of flow velocity to the speed of 

sound a. 

                

In a caloric ideal gas, the speed of sound a, depends on the absolute temperature 

 the ratio of specific heats , and the specific gas constant  

                                                                                                           (3.2) 

The energy equation for a frictionless, adiabatic flow; 

          

The enthalpy at rest  is allways the same regardless of an isentropic or non-

isentropic state change. As a matter of fact,   the temperature is it as well. 

In contrary the pressure depends on how the gas is brougt to rest. The pressure at rest 

is only obtained if the state change is isentropic. If the entropy changes the pressure 

at rest changes as well, e.g. when passing a shock. 

 

The total quantities of pressure, temperature, and density occurs in the case of zero 

velocity of flow. By using the conservation of mass, momentum, and energy and the 

definition of total enthalpy in the flow, the following relations can be derived as; 

Pressure Ratio:                      

                

 

Temperature Ratio: 

                                          

Density Ratio: 

                     

Relationship of pressure, temperature, and density ratios: 
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The dynamic pressure q can be defined as: 

                                                   

By considering the compressible mass flow equation area ratios can be derived as a 

function of mach number as: 

                   

 

                          

The starred conditions occur when the flow is choked and the Mach number is equal 

to one. If the Mach number of the flow is determined, all of the other flow relations 

can be determined. Similarly, determining any flow relation (pressure ratio for 

example) will fix the Mach number and set all the other flow conditions. Values 

which can be found at  (speed of sound) are called critical values. They are 

marked with the superscript *. They differ from the properties at rest only by a 

constant value and are therefore used as reference values as well. In the special case 

for gases which contain two atoms (  one gets: 

                               

                                                                                                                               

                                        

3.2  Supersonic-Compressible Flow Features 

All fluids are compressible and when subjected to a pressure field causing them 

to flow, the fluid will expand or be compressed to some degree. Flows are usually 

treated as being incompressible when the Mach number (the ratio of the speed of the 

flow to the speed of sound) is less than 0.3 since the density change due to velocity is 

about 5% in that case. Most problems in incompressible flow involve only two 

unknowns: pressure and velocity, which are typically found by solving the two 
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equations that describe conservation of mass and of linear momentum, with the fluid 

density presumed constant. In compressible flow, however, the gas density and 

temperature also become variables. This requires two more equations in order to 

solve compressible-flow problems: an equation of state for the gas and a 

conservation of energy equation. For the majority of gas-dynamic problems, the 

simple ideal gas law is the appropriate state equation. 

 

As an object accelerates from subsonic toward supersonic speed in a gas, different 

types of wave phenomena occur. To illustrate these changes, the next figure shows a 

stationary point (M = 0) that emits symmetric sound waves. The speed of sound is 

the same in all directions in a uniform fluid, so these waves are simply concentric 

spheres. As the sound-generating point begins to accelerate, the sound waves "bunch 

up" in the direction of motion and "stretch out" in the opposite direction. When the 

point reaches sonic speed (M = 1), it travels at the same speed as the sound waves it 

creates. Therefore, an infinite number of these sound waves "pile up" ahead of the 

point, forming a Shock wave. A shock, is a type of propagating disturbance that 

moves faster than the local speed of sound in the medium. Like an ordinary wave, a 

shock wave carries energy and can propagate through a medium but is characterized 

by an abrupt, nearly discontinuous, change in pressure, temperature, and density of 

the medium. 

       

Figure 3.2.1 : Wave Motion and Shock Wave Around a Body, Dyke (1982) 

Upon achieving supersonic flow, the particle is moving so fast that it continuously 

leaves its sound waves behind. When this occurs, the locus of these waves trailing 

behind the point creates an angle known as the Mach wave angle or Mach angle,  

                                         

In here a is speed of sound and V is velocity of the object. 
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One-dimensional flow refers to flow of gas through a duct or channel in which the 

flow parameters are assumed to change significantly along only one spatial 

dimension, namely, the duct length. In analyzing the 1-D channel flow, some 

assumptions are made as; ratio of duct length to width (L/D) is ≤ about 5 (in order to 

neglect friction and heat transfer), steady vs. unsteady Flow, flow is isentropic (i.e. a 

reversible adiabatic process), air assumed as ideal gas. By using above assumptions 

with the conservation laws of fluid dynamics and thermodynamics, the following 

relationship for channel flow can developed;                                                    

                                      

With this equation we can understand that mach number is the function of area. This 

equation states that, for subsonic flow, a converging duct increases the 

velocity of the flow and a diverging duct  decreases velocity of the flow. 

For supersonic flow, the opposite occurs due to the change of sign of . A 

converging duct  now decreases the velocity of the flow and a diverging 

duct  increases the velocity of the flow. At , a special case occurs 

in which the duct area must be either a maximum or minimum. For practical 

purposes, only a minimum area can accelerate flows to and beyond. 

 

Normal shock waves are shock waves that are perpendicular to the local flow 

direction. These shock waves occur when pressure waves build up and coalesce into 

an extremely thin shockwave that converts kinetic energy into thermal energy. The 

waves thus overtake and reinforce one another, forming a finite shock wave from an 

infinite series of infinitesimal sound waves. Because the change of state across the 

shock is highly irreversible, entropy increases across the shock. When analyzing a 

normal shock wave, one-dimensional, steady, and adiabatic flow of a perfect gas is 

assumed. Stagnation temperature and stagnation enthalpy are the same upstream and 

downstream of the shock. The flow before a normal shock wave must be supersonic, 

and the flow after a normal shock must be subsonic. The Rankine-Hugoniot 

equations are used to solve for the flow conditions. 

 

Although one-dimensional flow can be directly analyzed, it is merely a specialized 

case of two-dimensional flow. It follows that one of the defining phenomena of one-

dimensional flow, a normal shock, is likewise only a special case of a larger class of 
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oblique shocks. Further, the name "normal" is with respect to geometry rather than 

frequency of occurrence. Oblique shocks are much more common in applications 

such as: aircraft inlet design, objects in supersonic flight, and supersonic nozzles and 

diffusers. Depending on the flow conditions, an oblique shock can either be attached 

to the flow or detached from the flow in the form of a bow shock. Oblique shock 

waves are similar to normal shock waves, but they occur at angles less than 90° with 

the direction of flow. When a disturbance is introduced to the flow at a nonzero 

angle, the flow must respond to the changing boundary conditions. Thus, an oblique 

shock is formed, resulting in a change in the direction of the flow. Based on the level 

of flow deflection, oblique shocks are characterized as either strong or weak. Due to 

the inclination of the shock, after an oblique shock is created, it can interact with a 

boundary in different manners as solid boundary and irregular reflection. Another 

important concept is Prandtl-Meyer fans. They can be expressed as both compression 

and expansion fans. Prandtl-Meyer fans also cross a boundary layer which reacts in 

different changes as well. When a shock wave hits a solid surface, the resulting fan 

returns as one from the opposite family while when one hits a free boundary the fan 

returns as a fan of opposite type. 

3.3 Numerical Formulations 

In this section, there will be some equation that derived for RAE M-2129 duct which 

will be used as test case. It is useful to state some important parameters and values in 

the study carried out by Menzies (2002) with same duct, RAE M-2129 which ended 

considerable results. According to Menzies (2002), all parameters should be 

nondimensionalized, first. The variables with asterisk parameters mean dimensional 

quantity. 
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The centerline and the relation of the radius in the diffusing part of the intake can be 

explained as; 

                                        

 

                                

 

For RAE M-2129 duct length is  , duct intake throat radius is 

, duct engine face radius is  According to 

Menzies (2002) approximately duct length is 5 which nondimensionalized with 

respect to engine face diameter and diffuser length of 3. The Reynolds number used 

in simulations was 777,000. These values are reference values of our own 

calculations in this thesis.  

3.3.1 Engine Face Boundary Conditions  

 

To identifying boundary conditions by applying constant static pressure at the 

compressor face with specifying mass flow rate and contraction ratio is one of the 

very commonly used approach. Most of the times downstream boundary conditions 

located far downstream from aerodynamic interface plane. Constant value of static 

temperature along S-duct is not valid. Even total pressure is not constant though duct 

including the engine face plane. Boundary conditions that proposed here is modelled 

by demand required by engine. The first step of this modeling is to calculate the 

freestream mass flow parameter; 

                                       

With same logic MFP at engine face can be determined as; 

                                            

Now engine face Mach number can be determined by using Newtons method. When 

Mach number of engine face known static pressure of engine face will be calculate 

with following equation;  
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By applying nondimensionalization pressure ratio that is directly used at engine face 

boundary will be as; 

                                         

The downstream far field boundary conditions is switched an extrapolation 

conditions during to surge calculations. The standard symmetry plane is chosen as 

 plane. Wall boundary conditions are used to model the intake geometry. The 

boundaries of RAE M-2129 can be seen in figure bellow. 

 

Figure 3.3.1.1 : Boundary Definitions, Menzies (2002) 

There will be additional post processing parameters that can be helpful as; 

                                             

                                           

Another frequently mentioned parameter is distortion coefficient which is;  

                                         

Dividing freestream total pressure;  

                                             

The parameters at nominator are known, only denominator side should be found as; 
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3.4 Unsteady Theory Review 

In any fluid flow velocity, pressure, density etc. is function of time which means that 

these parameters do not show same value at any point in fluid such a flow called as 

unsteady flow. In another words, if the flow velocity at a given point does not change 

with time this flow is steady flow. However, is the velocity at a given point changes 

with respect to time the flow is called unsteady flow. In real life most of the systems 

vary with time which makes flows unsteady. These kinds of systems analysis are 

more complex then steady systems. Since unsteady flow conditions may vary with 

respect to both space and time. So, partial differential equations are used to describe 

unsteady systems since dependent variables are functions of more than one 

independent variable and except very simplified cases there is no closed form 

solutions. Thus, numerical methods are used to solve unsteady systems. In this 

section of thesis fundamental equations will be given and commonly used terms will 

be described to give a basic understanding of unsteady theory. First of all, commonly 

used terms will be given. Temporal means that with respect to time, spatial means 

that with respect to distance so, a wave is defined as a temporal or spatial variation of 

flow dept and rate of distance. A wave is called oscillatory wave if there is no mass 

transport in the direction of wave travel. And a wave is called translatory wave if 

there is net mass transport. translatory wave having a steep front is called a surge. 

Unsteady duct flow occurs when the driving pressure difference is a function of time. 

A special ease is the oscillating flow in a pipe under the influence of a periodic 

pressure difference. Transient flows can be originated by dynamic events such as the 

closing of a valve or the loss of power of a pump. There are 3 leading equations in 

fluid dynamic which are continuity, momentum, and energy. 

Continuity equation is, 

                                                  

Momentum equation is, 

                                              

Energy equation is, 
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4. RAE M2129 S-SHAPED DUCT GENERAL PROPERTIES 

 

In this section general properties such as model geometry, boundary conditions, 

experimental results and former CFD studies are given. These properties can be used 

for each analysis at this test case. Also, some important parameter definitions have 

been done at this section. 

4.1 Geometry Drawing 

Basic geometry and domain geometry data are presented here. These data are given 

via graphs. Figure 1 shows important sections locations of basic geometry with both 

dimensional and non-dimensional measurements. Figure 2 shows inlet and outlet 

fluid domain information parametrically to adjust and determine the parameters with 

several analyses.  means distances throughout negative x direction from duct start 

point and means distance throughout positive x direction from engine face. 

Table 4.1.1: Diameters of RAE M2129 S Duct 

  

  

  

 

 

Figure 4.1.1: Basic Geometry Coordinates and Domain Parameters 

4.2 Boundary Conditions 

Boundary conditions for high and low mass flow cases, which will use test case 

analyses, are shown tables of this section. These boundary conditions also used 

experimental studies used validation of this test cases. These boundary conditions 
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were determined using isentropic relations described above. Excel calculations are 

given below table.Table 4.2.1 : Boundary Conditions of RAE M2129 S Duct 

 High Mass Flow Low Mass Flow  

 0.013 0.013 

 0.017 0.017 

 0.210 0.210 

 0.794 0.412 

 0.536 0.304 

 0.928 0.990 

 29.889 29.865 

 101215.8 101134.5 

 93928.262 100092.815 

 293.0 293.0 

gamma 1.400 1.400 

 287.0 287.0 

Free Stream 

 290.438 290.438 

 98152.286 98073.447 

 1.178 1.177 

 341.611 341.611 

 71.738 71.738 

 1.800 1.800 

 2.992 2.004 

Throat 

 260.193 283.380 

 66795.351 89981.393 

 0.894 1.106 

 323.335 337.434 

 256.728 139.023 

 1.651 1.766 

 2.992 2.004 

AIP 

 277.079 287.683 

 77245.576 93878.114 

 0.971 1.137 

 333.662 339.987 

 178.843 103.356 

 1.735 1.787 

 2.970 2.009 

4.3 Grid Generation Process 

In this test cases analyses,  values in the slowest location of flow would be taken 

1 for accurate solutions. Using free stream flow data and y+ value information 
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boundary layer thickness value will calculate via equations given below. Calculation 

excel using for mesh properties determination is also given below. 

                                                                       (4.1)                                               

                                                                                   (4.2) 

                                                                                         (4.3) 

                                                                 (4.4) 

                                         (4.5) 

4.4 Post Process 

To validate test cases analyses, calculated values by CFD method must be compared 

experimental results. For this reason, CFD calculation results must be taken at same 

location with experimental results. Because of this reason, in this part location of 

CFD post processing points and cross-sections will give. For each analysis, same 

flow quantities with experimental study will be taken and compared. On post 

process, cst. file is used by this file post process could be automatic and parametric. 

In cst. file several abbreviations are used and their description lists are given below 

tables. 

Table 4.4.1 : Abbreviations and Descriptions in “cst” File 

Locations 

Point Description Line Description Surface Description 

 AIP Point  Line at AIP per   Cross-section surface 

 Bottom Wall Point     Cross-section surface at AIP 

 Port Wall Point    Symmetry plane 

 Starboard Wall Point     Cross section portion per 

 at AIP  Top Wall Point   

 Lip External Point     

 

Table 4.4.2 : Abbreviations and Descriptions in “cst” File 

Expression 

AIP  Engine Face Static Wall Pressure (Area Average) 

AIP  Engine Face Static Wall Pressure (Mass Flow Average) 

DCA Distortion Coefficient (Area Average) 
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DCM Distortion Coefficient (Mass Flow Average) 

LipPA Static Pressure on Cowl Lip (Area Average) 

LipPM Static Pressure on Cowl Lip (Mass Flow Average) 

MNA Mach Number (Area Average) 

MNM Mach Number (Mass Flow Average) 

PAB Static Wall Pressure at Bottom Point (Area Average) 

PMB Static Wall Pressure at Bottom Point (Mass Flow Average) 

PAP Static Wall Pressure at Port Points (Area Average) 

PMP Static Wall Pressure at Port Point (Mass Flow Average) 

PAS Static Wall Pressure at Starboard Point (Area Average) 

PMS Static Wall Pressure at Starboard Point (Mass Flow 

Average) 

PAT Static Wall Pressure at Top Point (Area Average) 

PMT Static Wall Pressure at Top Point (Mass Flow Average) 

PFI Engine Face Circumferential Flow Angles 

TPA Total Pressure (Area Average) 

TPM Total Pressure (Mass Average) 

 

According to geometrical information above and point-cross section pair duct 

geometry drawn as bellow. 

 

Figure 4.4.1: Measurement of Planes 

     

Figure 4.4.2 : Axial Measurement Points on Port- Starboard and Top- Bottom 

5.  STEADY STATE SUPERSONIC ANALYSIS 
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In section of thesis steady state analysis experimental and computational study 

results will be listed first and then test case steady state analysis will be run. After 

analysis run these results will be compared to get an understanding the nature of 

steady state hammershock behavior. 

5.1 Literature Experimental Study Results of Steady State Analysis 

In this part, experimental results and their locations of RAE M2129 S Duct are 

presented. These data will be helpful to validated CFD analyses. For each analysis, 

results will be determined where experimental results were taken and which flow 

quantities were determined. These quantities could be Mach number, static pressure 

etc. Every experimental data and CFD calculated data will compare, so validation 

study could be done. In experimental results comparison study, x axis will be non-

dimensional using value. Because experimental studies used this parameter. 

For high and low mass flow cases, several parameters will compare to validate CFD 

results. These parameters listed below. 

• Pressure Recovery 

• AIP mean static pressure 

• Distortion coefficient 

• Static wall pressure along duct 

• Static wall pressure on cowl lip 

• AIP total pressure distribution 

• Total pressure in Boundary layer at AIP 

• AIP static wall pressure 

• AIP circumferential flow angle 

Experimental results data are given below via graphs and tables. These results were 

taken from Küçük, (2015) research. Table 5.1.1: Experimental Results 

 PR AIP Mean Static 

Pressure  

DCA60 DH 

High Mass Flow 0.92798 0.725 -0.398 0.198 

Low Mass Flow 0.98974 0.922 -0.226 0.014 
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Figure 5.1.1: Experimental data and total pressure contours at engine face withprobe 

positions(Garteur,2012)

 

Figure 5.1.2 : Static Wall Pressure Distribution along the Four Axial Routes a) High 

Mass Flow Case b) Low Mass Flow Case 
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Figure 5.1.3 : Static Pressure Distribution on Cowl Lip a) High Mass Flow Case b) 

Low Mass Flow Case AIP Total Pressure Distribution c) High Mass Flow Case d) 

Low Mass Flow Case Total Pressure in Boundary Layer at AIP e) High Mass Flow 

Case f) Low Mass Flow Case 
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Figure 5.1.4 : Wall Pressure Distributions in Circumference a) High Mass Flow 

Case b) Low Mass Flow Case AIP Circumferential Flow Angles c) High Mass Flow 

Case d) Low Mass Flow Case 

5.2 Literature Computational Study Results of Steady State Analysis 

In this part one can reach experimental results shared by AGARD and different 

computational studies results with different turbulence models. 

Table 5.2.1 : RAE M2129 Distortion Coefficient and Pressure Recovery at AIP 

 

Case 

Low Mass Flow High Mass Flow 

Pressure 

Recovery 

Distortion 

Coefficient (DC60) 

Pressure 

Recovery 

Distortion 

Coefficient (DC60) 

Experiment 0.98974 0.226 0.92798 0.398 

k-w SST Model-2 0.9888 0.245 0.9469 0.549 

k-w Model – 1 0.99992 0.229 0.94359 0.658 

SST Model – 1 0.99994 0.377 0.94117 0.688 

k-e Model – 2 0.9903 0.176 0.9491 0.531 

k-e Model – 3 0.9918 0.157 0.92063 0.884 

SA Model – 1 0.9999 0.340 0.94366 0.651 

SA Model - 2 0.9883 0.217 0.9456 0.58 
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Table 5.2.2 : Owners of the Case Studies 

Experiment Experimental results shared by AGARD 

1 PMB solver which developed at Glasgow University by Menzies. 

2 Fluent solver, Master Thesis at METU by Umut Can. 

3 ARA computation by Defense Evaluation and Research Agency. 

 

First of all, for both computational studies turbulence model effect is more obvious 

for the LMFR case especially in prediction of distortion coefficient and second, when 

separation is dominant as in the case of HMFR, the difference between the 

computationally and experimentally obtained PR and DC values become much more 

significant. 

 

General characteristics of the results are similar when comparison is made between 

the experimental and the computational studies. However, especially for the HMFR 

case, PMB solver predicts much higher engine face distortion even compared to 

predictions obtained in Master Thesis Studies. This difference may originate from 

the absence of the bullet geometry in the PMB solver. Total pressure contours at the 

engine face and Mach number contours at the symmetry plane obtained and shared in 

the Master Thesis studies shows obvious effect of the bullet modeled at the engine 

face. Furthermore, when comparison is made for the pressure recovery values 

obtained for the HMFR case, it is seen that although all computational results 

indicate more optimistic predictions compared to the experiment, PMB solver is 

more successful in computing PR values for HMFR case. 

 

As mentioned earlier, computational results obtained for LMFR case shows greater 

agreement with the experimental data. This is true for all computational studies. 

Especially PMB solver computational result obtained with  turbulence model 

shows excellent agreement with the experimental result in terms of distortion 

coefficient. However other turbulence models used with the PMB code are again 

results in much larger distortion coefficients as in the case of HMFR. In contrast to 

earlier work results obtained with different turbulence models in the Master Thesis 

studies shows only limited differences. In the Master Thesis studies KWSST and SA 

turbulence models result in higher whereas RKE results in smaller distortion 

coefficient compared to the experiment. Moreover, opposite to the HMFR case, 



65 

predictions of the PR value with Master Thesis studies are closer to the experimental 

value. However, the difference between experiment and other computational studies 

are not significant in terms of pressure recovery values.  

 

Furthermore, when comparison is made between the Mach number contours at the 

symmetry plane computed in the PMB solver and Master Thesis studies some 

obvious differences stand out especially for the HMFR case. For this case, PMB 

solver predictions obtained with SA and KW models somehow shows large 

supersonic regions and shock wave structure at the entrance of the intake duct. 

However, at the same time PMB solutions with SST turbulence model shows only 

small packet of supersonic regions located at the first bend and lip region which is 

the actual case reported at the AGARD study. In the Master Thesis studies there are 

only small packet of supersonic regions inside the intake duct observed for any 

simulation obtained with any turbulence model as explained earlier. Menzies Ryan 

D. D. (2002) insist on SST turbulence model for his further simulations because of 

the large supersonic regions obtained with SA and KW turbulence models which 

should not be present according to AGARD study. 

 

Lastly the experimental rake that is used across the engine face to measure flow 

variables is not thought to be of a high resolution and this could account for the 

discrepancies. 

 

Figure 52.3 : PMB Solver HMFR Viscous Model vs Symmetry Plane Mach Number 
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Figure 5.2.4 : HMFR - AIP Total Pressure Contours by PMB Solver with 

Experiment Result 

 

Figure 5.2.5 : PMB Solver LMFR Viscous Model vs Symmetry Plane Mach 

Number 

 

Figure 5.2.6 : LMFR - AIP Total Pressure Contours by PMB Solver with 

Experiment Result 

 

Figure 5.2.7 : Master Thesis HMFR Viscous Model vs Symmetry Plane Mach 

Number 
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Figure 5.2.8 : Master Thesis HMFR Viscous Model vs Symmetry Plane Mach 

Number 

 

6. UNSTEADY SUPERSONIC ANALYSIS 

 

In section of thesis unsteady analysis experimental and computational study results 

will be listed first and then test case unsteady analysis will be run. After analysis run 

these results will be compared to get an understanding the nature of unsteady 

hammershock behavior. 

6.1 Literature Experimental Study Results of Unsteady Analysis 

Unfortunately, there are no experimental data modelled for unsteady hammershock 

phenomena for RAE M2129 S-duct. Since the nature of unsteady flow and shock 

modeling difficulty makes it almost impossible to carry out experimental work. 

Unlike steady, unsteady simulations needs a pressure difference on AIP surface to 

create hammershock. One of the solutions to create pressure difference is shocktube, 

this tool used as test case for unsteady validation. Simplest form of shocktube 

consists of a grid cylinder divided into two chambers filled with gas in different 

pressures. These chambers divided by an airtight membrane that mounted normal o 

the longitudinal axis. At some instant membrane is burst and two pressures try to be 

equal by means of shock wave traveling to the expansion chamber and a rarefaction 

wave traveling into the compression chamber as seen in figure bellow. 

 

Figure 6.1.1 : Simple Shocktube Layout, Menzies (2002) 



68 

 

Figure 6.1.2 : Standard Solution to the Shocktube Problem, Menzies (2002) 

 

In the paper of Menzies (2002) there is a simulation carried out with shocktube to 

model surge wave. Pressure ratio between chambers is 100. Results taken by this 

simulation shows the propagation of shock wave clearly. In the figure bellow 

pressure at some moments can be seen in (a). Also, in figure (b) at time is equal 0.5 

pressure, density, velocity and temperature value can be read.   

 

Figure 6.1.3 : a) Pressure History Showing Propagations of Shock Front into 

Expansion Chamber for a PR of 100, B) Flow Variables at a Time of 0.5, Menzies 

(2002) 
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6.2 Literature Computational Study Results of Unsteady Analysis 

In this part computational results of unsteady analysis will be presented. In here 2 of 

them will be discussed. One of them is very related about the subject of this thesis 

since it was interested on different surge time intervals that is the research of 

Menzies (2002). And another one was carried out by National Aerospace Laboratory 

which tried to use unsteady analysis to understand hammershock behavior in terms 

of PR and Mach number and compare their results with steady experimental results. 

 

To start with Menzies (2002), he worked one of the less searched aspects of literature 

in hammershock which is surge signature. This area is hard to work because of it is 

difficult to predict surge behavior since is it very rapid event in engine duct. Menzies 

(2002) start with looking most worked/seen surge time intervals in literature and 

decided four different surge signatures analyze them to see differences.  These surge 

signatures were simulated as applying by alternating engine boundary condition from 

a static pressure to a time dependent static pressure. With this method different types 

of surge time intervals can be analyzed as unsteady solutions. In the paper four 

different surge signature listed below as; 

1) Sinusoidal function, rise to peak pressure after around t*=12 ms and decay 

over t*=20 ms. 

2) Rapid rise in t*=1 ms accompanied by gradual decay over t*=30 ms  

3) Rapid linear rise to peak pressure after t*=2.5 ms followed by a linear decay 

over around t*=30ms 

4) Quasi linear rise to peak pressure after t*=20 ms followed by a decay in the 

period of t*=20 ms 

These simulation works with nondimensionalized quantities t* means 

nondimensional time, L is the characteristic length of duct as 1.207 m, U is 

freestream velocity, and its formula is; 

                                                                                                               (6.1) 

Where * indicates dimensional quantity, U is velocity and L is the length of duct. 

The pressure  graph of surge signatures can be seen below. 
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Table 6.2.1 : Time vs. Pressure of surge signatures, Menzies (2002) 

      

 
 

 

According to get reliable result first grid independence study made by Menzies, two 

different grid point tried; as coarse grid 542,714 and as fine grid 975,386. During 

grid independence study time step selected as 0.001 and 900 time steps during rise 

time would be satisfactory. Overall, the difference between coarse and fine mesh 

were very small, so to less computational time coarse mesh was selected. Another 

important parameter to converge is time step which critical for the accuracy of results 

and computational time. Converge study of time step two different time step took 

into the account as; 0.0005 and 0.00025 giving 1800 and 3600 time steps to capture 

rise time of the surge, respectively. According to study, maximum pressures were 

similar for all time steps on port and starboard sides. So, for satisfactory solutions 

and less computational time step time chosen as  . 
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Surge Signature 1 

These analyses made in high mass flow rate and boundary conditions for analysis 

were; 

Table 6.2.2 : Boundary Conditions, Menzies (2002) 

Reynolds number 777,000 

Freestream Velocity 71,47 m/s 

Overpressure Ratio  (2*13.15) = 26.29 

Reduced time 0,71 

Angle of Attack  

Angle of Sideslip  

 

In surge signature 1 is sinusoidal in nature, it made peak and decay pressure below 

its normal pressure followed by gradual recovery to normal operating pressure. There 

was interaction of surge front with the separated flow from the starboard side of first 

bend. It has propagated to the first bend at t=0.62. This lead peak pressure about 32 

towards the port side of the duct wall at the second bend peak pressure was about 

three times of normal operating pressure. The surge front exits the duct at reduced 

time of 1.5. Mach number and pressure traces at some instant time can be seen in 

below figure. 
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Table 6.2.3 : High Mass Flow, Mach Number and Pressure Traces of Surge 

Signature 1, Menzies (2002) 

Surge Signature 2 

In surge signature 2, time step was 0.0005 and 100 steps used to capture rise time. 

Once peak pressure has been reached and then drop of OPR to 1.7 lastly it recovers 

its original value. Surge signature 2 has much sharper rise to peak than signature 1. 

Peak value was slightly higher than signature 1, also peak pressure occurred in the 

port side of first bend. When surge exit a reflection experienced downstream of 
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boundary and propagated to free stream. Mach number and pressure traces can be 

seen below. 

 

Table 6.2.4 : High Mass Flow, Mach Number and Pressure Traces of Surge 

Signature 2, Menzies (2002) 
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Surge Signature 3 

In surge signature 3 rise time was rapid but as not as signature 2 and time step was 

sufficient to capture surge. Rapid rise of peak pressure occurred at t=0.2 and surge 

propagated to second bend, peak followed by linear recession. However, peak 

pressure in this case is not as severe as in signature 2. Again, at the exit of shock its 

effect felt in downstream of boundary.  Mach number and pressure traces can be seen 

below; 
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Table 6.2.5 : High Mass Flow, Mach Number and Pressure Traces of Surge 

Signature 3, Menzies (2002) 
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Surge signature 4 

In surge signature 4, a much slower rise peak applied according to previous 

signatures. Pressure increased gradually and propagated through the duct and peak 

was about 27 at the port side of the first bend in this signature OPR was about 2. At 

the end shock exit the duct at t=1.9. Mach number and pressure traces can be seen 

below; 

Table 6.2.6 : High Mass Flow, Mach Number and Pressure Traces of Surge 

Signature 4, Menzies (2002) 

 

 



77 

This is the end of high mass flow rate analysis, in the paper of Menzies (2002) there 

are also low mass flow and surge at different incidence analysis but these are not 

concern of this paper for more information can be found at reference paper. 

Table 6.2.7 : Summary of Surge Conditions, Menzies (2002) 

Signature and Test 

Conditions 

Surge Exit Time 

(t) 

Peak Over Pressure  

(OPR) 

Sig. 1, HMFR, OPR = 2 1.45 2.518 

Sig. 2, HMFR, OPR = 2 1.2 2.655 

Sig. 3, HMFR, OPR = 2 1.3 2.647 

Sig. 4, HMFR, OPR = 2 1.9 2.115 

 

Another study made by National Aerospace Laboratory, they studied M2129 duct 

geometry without bullet solve for surge with unsteady RAN- URAN equations 

compare their results with experimental steady results. According to their results grid 

resolution and time step size was critical constraints impacting computational results 

and hence the instantaneous distortion parameters.  So, they carried out detailed grid- 

time step independency study. 

 

According to grid generation far field from inlet entry and lateral direction around 

cowl has an extension of about 10 times the duct diameter. O-H grid structure used in 

order to best fit the geometry. After independency study grid number was decided to 

be 1.332.157 nodes for URANS computations and half of it for RANS computations.  

 

Figure 6.2.1 : High Quality and Computational Domain for the RAE M2129, Berens 

et al. (2014) 
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For time step independency study two different time steps were tested, namely, 

no major difference found. For more accuracy 

computational results were obtained for time step of   

Boundary conditions used for numerical calculations were as; 

Table 6.2.8 : Surge Boundary Conditions, Berens et al. (2014) 

Reynolds number 4932254 

Mach Number 0.207 

Overpressure Ratio  (2*13.15) = 26.29 

Static Pressure at Infinity  

Static Temperature at Infinity   

Angle of Attack and Sideslip  

Density at Infinity   

Diffuser Air Mass Flow  

RANS and URANS numerical simulations were performed using two different 

turbulence models  and . In here only the results and comparisons 

between these solutions will be done, for more information about these turbulence 

models and detail of simulation can be found in reference of Berens et al. (2014). 

 

Table 6.2.9 : RANS and URANS Computational Results, Berens et al. (2014) 

 Experiment RANS URANS RANS URANS 

Turbulence Model -  

EARSM 

 

EARSM 

 

EARSM 

 

EARSM 

Outlet Pressure (Pa) - 89050 89050 87150 87150 

Mass Flow ( ) 2.873 2.866 2.834 2..861 2.874 

 - -0.22% -1.33% -0.41% 0.05% 

Mass Flow Ratio 2.043 2.0740 2.028 2.064 2.047 

Mach in Engine Face 0.3950 0.4234 0.4141 0.4313 0.4264 

Average Static Pressure at 

Engine Face 

0.8701 0.8613 0.8621 0.8356 0.8409 

Pressure Recovery 0.9798 0.9806 0.9760 0.9620 0.9627 

DC60 0.2700 0.3696 0.3455 0.6091 0.4670 

 - 37% 28% 126% 73% 
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It is very difficult to accurately predict DC60 distortion parameter when flow 

separation is present. So, substantial discrepancies appear between the computed and 

experimental DC60 values. The time averaged contours obtained from URANS 

simulations were closer to the experiment than obtained with RANS simulations. By 

using unsteady approach low pressure region in the engine face decreases, which 

becomes flatter towards the duct center this results in total pressure levels closer to 

the experiment. All in all, for better distortion coefficient unsteady computations give 

better results.  

 

Figure 6.2.2 : Comparison of  RANS and URANS Computations performed with k-

w model, Berens et al. (2014) 
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Figure 6.2.3 : Comparison of RANS and URANS Computations performed with k-

kl EARSM model, Berens et al. (2014) 

There were also detached eddy simulations in these simulations low local mach 

numbers seen at the upper wall, however there were not any flow separations. 

 

Figure 6.2.4  : Comparison of Instantaneous and Time Averaged Mach Number 

Distributions in the Symmetry, Berens et al. (2014) 
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Figure 6.2.5 : Instantaneous and Time Averaged a) Mach Number and b) Pressure 

Ratio Distributions in Three Sections, Berens et al. (2014) 

 

Table 6.2.10 : RANS and Zonal Detached Eddy Simulation Computational Results, 

Berens et al. (2014) 

 Experiment RANS URANS 

Turbulence Model - Spalart Allmaras  

Outlet Pressure (Pa) - 88300 88300 

Mass Flow ( ) 2.873 2.850 2.820 

 - -0.8% -1.8% 

Mass Flow Ratio 2.043 2.048 2.042 

Mach in Engine Face 0.3950 0.4188 0.4195 

Average Static Pressure at 

Engine Face 

0.8701 0.8607 0.8550 

Pressure Recovery 0.9798 0.9770 0.9731 

DC60 0.2700 0.3792 0.4478 

 - 40% 66% 

 



82 

 

Figure 6.2.6: Comparison of RANS and Zonal Detached Eddy Simulation 

Computational Results, Berens et al. (2014) 

In RANS and time averaged Detached Eddy Simulation results, flow features were 

generally correctly captured and the loss of total pressure, like mach number were in 

good agreement with experimental data at the engine face.  

6.3 Hammeshock Rise Time Effect Study of RAE M2129 

The purpose of this study is to observe rise time effect which is the second important 

effect on hammershock to see how rise time effect peak pressure on engine intake 

geometry. To do this, literature review used to determine a range about rise time 

maximum and minimum limits. As mentioned earlier in “Selection of Hammershock 

Test Case” part of this thesis the determined range of rise time can be seen as below 

figure; 
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Figure 6.3.1 : Analysis Name and Related Rise Time 

Since URANS CFD is expensive and time-consuming analysis, it decided to divide 

the rise time into five and made the analysis as below; 

 

Table 6.3.1 : Analysis Name and Related Rise Time 

Analysis Name Rise Time (msec) 

Analysis_1 2.5 

Analysis_2 23.45 

Analysis_3 44.45 

Analysis_4 65.45 

Analysis_5 86.4 

 

To accomplish URANS hammershock analysis one needs pressure profiles that 

express pressure rise and fall with time. As it is defined five different hammershock 

rise time will use for this study, the profile charts can be seen as below figure. 
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Figure 6.3.2 : Analysis and Related Rise Time 

7. UNSTAEDY CFD METHODOLOGY DEVELOPMENT 

 

FLUENT’s pressure-based implicit solver is used to predict the time dependent 

hammershock flow through an engine intake geometry. As an initial condition for the 

transient problem, a steady state solution is calculated to provide the initial values.  

This thesis demonstrates how to do the following:  

• Calculate a steady-state solution (using the pressure-based implicit solver) as 

an initial condition for a transient hammershock flow prediction.  

• Define an unsteady boundary condition using a pressure profile.  

• Find the best-fit convergence criteria's of transient solution using the second-

order implicit unsteady formulation and the pressure-based implicit solver of 

hammershock problem.  

• Create an animation of the unsteady flow through engine intake during 

hammershock phenomenon using CFD-post unsteady solution animation 

feature and post process of transient pressure distribution over engine intake 

geometry.  

Unsteady flow physics like hammershock, separation and reattachment as well as 

pre-entry and internal flow control imply an advanced degree of detailed 

understanding of the three-dimensional flow during the early design process. In this 

part of the thesis advanced look over hammershock convergence study will be given. 
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7.1 Parameters that Effect Transient Analysis Convergency 

Important expressions such as transient analysis time step, inner iteration and total 

iteration number, courant number, turbulence model, hammershock ratio, under-

relaxation factors, unsteady profile determination at boundary condition and further 

more expressions are given to explain details of how transient analysis methodology 

is developed.  

7.1.1 Time Step Size and Inner Iteration 

 

The time step size is the magnitude of . Since the ANSYS Fluent formulation is 

fully implicit, there is no stability criterion that must be met in determining . 

However, to model transient phenomena properly, it is necessary to set  at least 

one order of magnitude smaller than the smallest time constant in the system being 

modeled. A good way to judge the choice of  is to observe the number of iterations 

ANSYS Fluent needs to converge at each time step. The ideal number of iterations 

per time step is 20-50. If ANSYS Fluent needs substantially more, the time step is 

too large. If ANSYS Fluent needs only a few İterations per time step,  should be 

increased. Frequently a time-dependent problem has a very fast "startup" transient 

that decays rapidly. Therefore, it is often wise to choose a conservatively small  

for the first 5-10 time steps.  may than be gradually increased as the calculation 

proceeds.  

 

The time step size is an important parameter in transient simulations, it must be small 

enough to resolve time dependent features. 

 

Let say for the 10 s case is to consider, them time step size and number of time step 

is should be like bellow table; 

 

Table 7.1.1.1 : Time Step Size Determination Sample 

(Time step size) * (Number of time step) 
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Range of time step is selected between  .As   for 

these analysis. 

7.1.2 Courant Number 

 

To verify that your choice for set  was proper after the calculation is complete, you 

can plot contours of the Courant number within the domain. To do so, select velocity 

and cell convective courant number from the contours of drop-down lists in the 

contours dialog box. For a stable, efficient calculation, the courant number should 

not exceed a value of 20-40 in most sensitive transient regions of the domain.  

 

The Courant Number is often used to estimate a time step. This gives the number of 

mesh elements the fluid passes through in one time step. Typical values are 1-10, but 

in some cases higher values are acceptable.  

                         (7.1) 

In usual transient simulation cases time step size can be found from;  

                                                                                                             (7.2) 

In the "L" is the characteristic length and "V" is the characteristic velocity.  

                                                                                                 (7.3) 

Or more specifically time-step size can be found as above formula. "V" is the volume 

of the cell, is the face area, and  is the maximum local eigen value.  

 

Courant Number range between 10 -50 for these anaylsis. 

7.1.3 Under- Relaxation Factors 

 

The pressure-based solver uses under-relaxation of equations to control the update of 

computed variables at each iteration. This means that all equations solved using the 

pressure-based solver, including the non-coupled equations solved by the density-

based solver will have under-relaxation factors associated with them.  
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Numerical methods used to solve the equations for fluid flow and heat transfer most 

often employ one or more iteration procedures. By their nature, iterative solution 

methods require convergence criteria that is used to decide when the iterations can be 

terminated.  

 

In many cases, iteration methods are supplemented with relaxation techniques. For 

example, over-relaxation is often used to accelerate the convergence of pressure-

velocity iteration methods, which are needed to satisfy an incompressible flow 

condition. Under-relaxation is sometimes used to achieve numerically stable results 

when all the flow equations are implicitly coupled.  

 

Unfortunately, there are no universal guidelines for selecting criteria because they 

depend not only on the physical processes being approximated, but also on the 

details of the numerical formulation. Many CFD programs have a standard set of 

recommended criteria, but users must often resort to trial and error adjustments to get 

good results.  

Details that one need to know about under-relaxation factors are:  

• Under-relaxation factors are there to suppress oscillations in the flow solution 

that result from numerical errors.  

• Under-relaxation numbers, which are too small, will significantly slow down 

convergence, sometimes to the extent that the user thinks the solution is 

converged when it really is not.  

• The recommendation is to use always under-relaxation factors that are as high 

as possible, without resulting in oscillations or divergence.  

• Typically, one should stay with the default factors in the solver.  

• When the solution is converged but the pressure residual is still relatively 

high, the factors for pressure and momentum can be lowered to further refine 

the solution.  

Table 7.1.3.1 : Under Relaxation Factors Value Range 

Under Relaxation Factor Value Range 

Body Force  

Density  

Turb. Kinetic Energy  
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Turb. Dissipation Rate  

Turb. Viscosity  

Static Temperature  

7.2  Hammershock Transient Analysis Problem Challenges 

Hammershock transient analysis are one of the most challenging problem about CFD 

analysis. Due to rapid rise of static pressure at AIP surface back flow develops and 

proceed along the engine intake. After this back flow proceed along the engine 

intake, it blows out and creates chaotic turbulence zone for a while and when it loose 

power again flow can propagate straight to the AIP surface. In this process there are 

several subjects that one should take consider. 

 

7.2.1 Solution Limits Consideration  

 

In order to keep the solution stable under extreme conditions, ANSYS Fluent 

provides limits that keep the solution within an acceptable range.  

 

Fluent applies limiting values for pressure, static temperature, and turbulence 

quantities. Fluent also applies a minimum volume fraction for the matrix solution in 

Eulerian multiphase simulations run on a double-precision solver. The purpose of 

these limits is to keep the absolute pressure or static temperature from becoming 

zero, negative, or excessively large during the calculation, and to keep the turbulence 

quantities from becoming excessive. The purpose of the minimum volume fraction Is 

to avoid singularity of the solution matrix when the volume fraction tends to zero. 

Typically, you will not need to change the default solution limits. However, such an 

analysis like hammershock where pressure can drop rapidly close to zero and time to 

time beyond zero and become negative pressure which means vacuum occur around 

lip geometry of engine air intake. In such a case one has to decrease minimum 

absolute pressure limit and minimum static temperature value to the reasonable 

value. Solution limits that used for M2129 hammershock analysis as below;  
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Table 7.2.1.1 : Solution Limits of Hammershock Transient Analysis 

Minimum Absolute Pressure (Pa)  

Maximum Absolute Pressure (Pa)  

Minimum Static Temperature (K)  

Maximum Static Temperature (K)  

Minimum Turb. Kinetic Energy ( )  

Minimum Turb. Dissipation Rate ( )  

Maximum Turb. Viscosity Ratio  

 

This correction at solution limits improved convergence characteristic and accelerate 

convergence time.  

7.2.2 Fast and Effective Transient CFD Post Process  

 

Post process for unsteady CFD analysis is one of the most time consuming and 

storage consuming process. It takes a lot of time to print ".cdat" files for unsteady 

post-process and each time steps need gigabytes of storage space. It is needed to find 

easier, faster and less storage space consuming method for unsteady post process 

procedure.  

 

There are several methods of unsteady CFD-Post methods. First post process method 

group is consisting of "Quick Animation" and "Keyframe" animation method which 

are need ".dat" files that belongs to each time step. Which means one need to load all 

output files that requires hundreds of gigabyte storage space. Therefore, different 

method of transient analysis CFD post process method was needed.  

 

While one is running fluent analysis, it is possible to add section plane that one can 

observe results from it. It is possible by adding some extra scripts to fluent journal 

files. Sample plane section script is in below figure demonstrate how one can add 

cross-section at x-y plane.  
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Figure 7.2.2.1 : CFD Post Plane Section Script 

After one add plane section to fluent, there is one more step for CFD post process. 

The sample script that allows one can perform CFD post process without enormous 

storage space can be reach from below figure. To describe the script with details, 

first one choose the format of post process such as "Tecplot". Second stage is to 

select the surface name where one will make post-process. After it is needed to select 

which data is needed for post-process. As in sample script static pressure, 

temperature and Mach number is selected. After one need to Select time-step 

frequency for post process.  

 

Figure 7.2.2.2: Transient CED Post Script 

7.2.3 Non-Uniform Boundary Condition Definition with Profile Application  
 

Performing a transient calculation is in some ways similar to performing a steady 

state calculation, but there are additional considerations. More data is generated and 

extra inputs are required. Input data is needed whether boundary condition changes 

with time or if geometry changes with time. In hammershock problems, geometry is 

accepted be stable but boundary condition at AIP pressure data increases as engine 

surge phenomenon occur.  

 

Profiles can be boundary conditions, cell zone conditions, and initial conditions for 

discrete phases. ANSYS Fluent provides a very flexible profile definition 
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mechanism. This feature allows you to use experimental data, data calculated by an 

external program, or data written from a previous solution using the Write Profile 

Dialog Box as the boundary condition for a variable.  

There are two ways you can specify transient cell zone and boundary conditions:  

• Transient profile with a format similar to the standard profiles described in 

Profiles  

• Transient profile in a tabular format  

 

Figure 7.2.3.1 : Unsteady Profile Structure 

 

The above transient profile is extremely convenient ways to specify spatially or time 

varying boundary conditions from analytical or empirical equations.   

7.2.4 Other CFD Program Failures during Hammershock Convergence  
 

FloEFD, X-Flow and Star-CCM programs are used for hammershock analysis as 

well as Fluent. First, FloEFD and X-Flow are mostly Lattice-Boltzmann method 

based high fidelity CFD methods. Although these CFD methods gives similar results 

with traditional methods there are several problems that one cannot get accurate 

results with neither FloEFD nor X-Flow. 
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APPENDIX A:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


