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ABSTRACT: Understanding injector dynamics in the presence of strong pressure pulsations in Liquid Fueled 
Rocket Engines (LFRE) is important due to its strong association with the combustion instability phenomena. Lack 
of generators of strong periodical pulsations, particularly in the high frequency range, is problematic. To overcome 
this deficiency, a hydro-mechanical pulsator has been built to generate controlled periodic pressure oscillation, 
which simulates pressure pulsations in the feed lines of rocket motor injector systems. The present numerical 
analysis effort utilizes the unsteady Reynolds Averaged Navier-Stokes (URANS) approach, to model the pulsating 
turbulent flow inside the hydro-mechanical pulsator as a preliminary design study to estimate optimum operating 
conditions for the proposed experimental study. Numerical results obtained from the study using sliding/deforming 
grids coupled with a two-layer low-Reynolds number RNG k-ε model indicated that the form of pulsation could be 
controlled based on the geometry of the orifices of the rotating valve in order to define its main parameters, and in 
the determination of the optimum geometry for obtaining a sinusoidal harmonic response. The results of the 
computations to evaluate the effect of varying mass flow rates to examine the influence of change in amplitude and 
phase characteristics of standard injectors on the boundaries, frequencies and amplitude of high frequency 
combustion instability are presented in the paper. 
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1. INTRODUCTION 

The fuel injector is a significant element of a 
liquid-fueled rocket engine (LFRE), defining its 
stability and efficiency. Besides its main function 
to atomize and mix liquid fuel/propellant and 
form a combustible mixture, it simultaneously 
fulfills functions of a sensor, responding to 
pressure pulsations in feed lines and the 
combustion chamber; an amplifier and phase 
shifter of these pulsations; and an actuator that 
excites pulsations of secondary output parameters 
such as mass flow rate, velocity, drop sizes, local 
composition of combustible mixture (Bazarov and 
Yang, 1998; Bazarov, Yang and Puri, 2004; 
Bazarov, 1996). Dynamic characteristics of a 
liquid fuel injection process such as sensitivity of 
the injector to applied pressure drop pulsation, its 
response function and non-linear influence of 
pressure pulsation on mean parameters of 
propellants like atomization and mixing have a 
strong influence on the combustion process, but 
are mostly unknown and are in need of tools for 
experimental investigation. Such studies are 
necessary for validation and verification of 
analytical models and CFD codes that can predict 

the dynamic response characteristics of liquid-
fueled engines to this type of instability. 
To address the LFRE combustion instability 
phenomena experimentally, two simple yet key 
questions need to be answered: 1) How do 
elements of an LFRE system such as valves, 
regulators, feed lines and particularly injectors, 
respond to excitations from external sources, and 
what would the resultant response function of the 
LFRE element be; 2) If injector output parameters 
such as propellant mass flow rate, velocity, O/F 
ratio etc. undergo pulsations, what will be the 
response of the heat release process and what will 
be the response of the flame structure to 
excitation of injector outflow parameters like 
spray structures. In order to experimentally define 
the behavior of different parts of an LFRE under 
real operating conditions, i.e., pressure pulsations, 
velocity fluctuations and vibration of the walls 
and pipelines, it is necessary to have a means to 
generate unsteady conditions during experimental 
investigation of LFRE elements. Undoubtedly, 
the main source of unsteady operation of a full 
scale LFRE is the process of combustion, which 
has the highest specific energy release per unit 
time and per unit volume of any processes 
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occurring in an LFRE. It is accompanied by 
highly turbulent flow which leads to the 
appearance of regular, periodic high-frequency 
pressure pulsations, usually equal to one of the 
frequencies of acoustic modes in the combustion 
chamber. Therefore, it is essential to reproduce 
these natural conditions found in an LFRE via an 
external pulsating device. 
For studying the process of liquid-fuel injection, 
pressure pulsations in the test chamber and/or in 
the feed lines of model fuels must be reproduced. 
For most injectors that are much smaller in size 
when compared to the length of the pressure wave 
in liquid or gaseous propellants, previous studies 

have indicated that pressure pulsations act as a 
pulsation of pressure drop, regardless of whether 
they began in the feed lines or in the combustion 
chamber (Bazarov, 1979; Bazarov and Yang, 
1998). This circumstance greatly simplifies 
dynamic modeling of liquid injectors by 
excitation of pressure pulsations in the feed line 
before the injector entrance, which is easier due to 
liquid incompressibility. In this case the injector’s 
dynamic response will be characterized by 
pulsations of outlet (injector exit-face) parameters, 
such as mass flow rate, angle of spray, spectrum 
of droplets and liquid film thickness. The outlet 
parameters will have the same frequency as the 
input pulsations but different amplitude and 
shifted with respect to the input phase. An 
impulse function can be used as the input function 
to measure the time lag and hence the phase shift. 
Other forms of primary disturbances are not used 
because they require rather complex measurement 
devices as well as mathematical interpretation of 
the measured results. 
Generators of periodic pulsation with ample 
power to produce a strong signal can also be used 
to study non-linear effects of pressure pulsations 
on mean and dynamic parameters of injection. 
These types of studies are necessary to create 
accurate physical models and to validate 
computer codes for numerical effectiveness and 
computer modeling of the liquid-fueled engine 
processes. All theories describing operational 
process instability in an engine are approximate 
and based on empirical constants which may only 
be obtained via physical experiments. 
Experimental data is also required for defining the 
margins of validity of numerical modeling. 
In order to address the above-mentioned questions, 
several types of generators of pressure and mass 
flow rate pulsations for the frequency range of 
interest in LFRE, typically for studying the 
acoustical instability of combustion were 
designed, tested, and used (Bazarov, 1979; 

Andreev et al., 1991). To achieve the objective of 
studying the effect of pressure pulsation in the 
feed lines of an injector and its effect on the 
response characteristics on the processes in an 
LFRE combustion chamber, devices for excitation 
of periodic pressure pulsation in gaseous and 
liquid media (here forward referred to as pulsators) 
were designed, built and studied (Bazarov et al., 
2007). These pulsator types include hydraulic, 
acoustic, inertial and self-oscillating. Comparative 
analysis of these pulsators based on different 
physical principles indicated that the most 
practical pulsator design for generating pressure 
oscillations, of relevance to LFRE conditions, 
were hydro-mechanical pulsators (Bazarov et al., 
2007). The rotational type hydro-mechanical 
pulsators were the most inexpensive and easy to 
use. It can be mentioned, that the usage of such 
generators of periodic pulsation in cold flow and 
even in fire tests (Bazarov, 1996; Bazarov and 
Yang, 1998; Orlov, 2001) significantly helped to 
understand the interaction of processes inside the 
combustion chamber with the dynamics of feed 
lines, and strongly assisted in the development of 
Soviet and Russian high pressure combustion 
chambers and gas generators. These pulsators 
were experimentally utilized to understand the 
acoustic instability phenomena and led to the 
development of injectors with special features that 
were insensitive to feed line pulsations. These 
injectors were later used in big thrust engines 
such as NK-33, R-170 families, and other engines 
for self-sustaining of combustion stability 
(Bazarov, 2006). The preliminary design and 
development of these pulsating devices comprised 
of primarily empirical work, without a proper 
understanding of the dynamic processes involved. 
This led to long tuning process times and even to 
some failures in utilizing these types of pulsators 
to other mass flow rates, pressure and frequency 
ranges. So, numerical modeling of these processes 
and optimization studies are deemed essential and 
cost-effective. 
The specific hydro-mechanical pulsator design 
used for the present study is shown in Fig. 1. The 
device under study can be used for partial 
modeling of conditions in feed line during high 
frequency instability encountered during the 
operational process in an LFRE. The eventual 
goal of this study is aimed towards reproducing 
the conditions that exist under full scale engine 
operation. This would involve characterizing 
existing interconnections and quantitatively 
understanding the instability phenomenon 
between the various processes occurring in a full 
scale device and also define the feed-back 
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connections that exist between the various LFRE 
elements. 
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Fig. 1 Cross section of Hydro-Mechanical Pulsator. 

This pulsator implements a rotating multi-orifice 
valve that connects the subject of study in the 
research to the source of rarefaction, or vise versa, 
elevated pressure by means of periodically 
changing the valve flow area. The current pulsator 
(Bazarov et al., 2007) has been specifically 
designed to handle liquid propellant flows. The 
mass flow through the diverter chamber can be 
controlled by a throttling valve. The drive motor 
provides a constant rotational velocity to the 
orificed disk of the pulsator during variable 
loading (change in pressure drop, amplitude of 
pulsation) and is capable of rotating at high rates 
to generate the desired frequency. Finally the 
drive has the ability to control the RPM over a 
wide frequency range while maintaining a small 
resolution. For high frequency combustion 
instability studies, the most dangerous frequencies 
are in the region from 500 Hz up to 2000 Hz, so 
the drive motor must be controllable to produce 
the required RPM range required to generate the 
desired frequency range (Bazarov et al., 2007; 
Natanzon, 1981). The hydro-mechanical pulsators 
are capable of producing both high amplitude and 
high frequency pulsation. Depending on the drive 
source, the pressure pulsation can be controlled 
using either a variable speed drive or by the 
number and size of orifices on the rotating disk. 
The form of the pulsation is tied to the shape of 
the valve orifices and the dynamic characteristics 
of the attached feed lines. This can lead to non-
harmonic pulsation in the system. They are also 
used for excitation of periodic pressure pulsation 
in real propellants at full scale pressures during 

fire tests of model combustion chambers (Bazarov 
and Yang, 1998). Hydro-mechanical pulsators are 
advantageous because they do not require 
powerful drives, and are able to produce strong 
periodic pulsations with amplitudes up to 70% of 
the mean pressure. The disadvantage of using this 
type of pulsator is that it requires elevated 
expenses associated with the wastage of the 
pressurized model liquid and is comprised of 
complicated rotational machine parts, bearings 
and seals. This setup also requires that all 
rotational parts be dynamically balanced. 
Preliminary tests and CFD-modeling of the 
pulsating flow inside the hydro-mechanical 
pulsator indicated the possibility to control the 
form of pulsation based on the geometry of the 
orifices of the rotating valve (Bazarov et al., 
2007). 
The objectives of this paper are to obtain further 
understanding, through numerical analysis, the 
effects on pulsations produced in response to 
variations in the diverter valve area (caused by 
adjusting the throttling valve) and also inlet 
pressure effects on the response amplitude of the 
pulsator, and to evaluate an optimum design 
configuration to obtain a harmonic pressure 
response. The detailed numerical design study 
was performed utilizing a pressure-based finite 
volume flow solver (ESI Inc, 2009). The flow-
field encountered in the pulsator involves 
complex three dimensional geometries with 
internal moving parts. The next section describes 
the numerical model setup and the statistically 
non-stationary turbulence model used in this 
study. 

2. NUMERICAL MODELING 
APPROACHES 

2.1 Grid deformation methodology 

The flow-field in the pulsator is predominantly 
turbulent due to large pressure drop across the 
pulsator. For simulating pulsating turbulent flows, 
it is convenient to specify periodic inlet or 
boundary conditions (Palfreyman and Martinez, 
2005; Varghese and Frankel, 2003; Hofmann  
et al., 2007) to save computational time provided 
that the computational domain is fixed. This is not 
the case in this study. When liquid under excess 
pressure is supplied to the inlet pipe line, it will 
lose some pressure flowing through the throttle in 
the chamber. A part of liquid under pressure will 
flow through the un-throttled area in the diverter 
chamber to the flow outlet, and a part of the liquid 
will flow through the orifices of the rotating disk. 
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The amplitude of this pulsation depends on the 
mean pressure drop due to the throttle, the 
relation between the mass flow rates of liquid 
flowing through the diverter chamber and drained 
fluid at the flow exit and also the amplitude of the 
flow area variations in the rotating disk. Since one 
of the objectives is to optimize the pulsating 
frequency and amplitude, modeling the full 
rotating disk/diverting chamber assembly was 
necessary to fully capture the propagation of the 
pressure waves generated by the closing/opening 
of the orifice on the rotating disk. To resolve the 
complex geometry involving moving parts and 
relative motion, the grid deformation/sliding 
approach is employed. In contrast to overset grid 
approach (see Kiris et al. (2008) for example), the 
current grid deformation approach imposes a 
known grid deformation for time-dependent 
moving grid problems. The grid deformation 
approach utilizes automatic remeshing applied to 
structured grid regions of computational domains. 
The remeshing method uses a standard transfinite 
interpolation (TFI) (Chung, 2002) scheme to 
determine the interior node distribution based on 
the motion of the boundary nodes. This scheme is 
only applied for structured zones. It cannot be 
applied to composite domains. The “structured 
zone” indicates that the meshing scheme used is 
Hexahedral 3D. Composite domains means that 
during the process of creating the meshed 
geometry the different fluid flow volumes 
throughout the entire study geometry created as 
individual zones should not be merged to form a 
single composite fluid flow volume. This must be 
addressed when building the grid. The automatic 
remeshing is based on the solution of the 
equations of linear elasticity relating the resulting 
displacements (and thus mesh movements) of the 
interior nodes for a given set of displacements on 
the boundaries of a domain. When using this grid 
deformation formulation in systems containing 
rotating parts, the system may require the grid to 
rotate 360 degrees. However, this is not possible 
since the grid will become highly 
skewed/stretched. To alleviate this problem, 
meshes are allowed to slide past one another. The 
numerical solver has to compute the intersections 
of every face in each boundary group. The 
intersection serves as an interface through which 
information will be allowed to transfer from one 
zone to another. The region where the sliding 
meshes line up will be an interface, and the 
remaining area of the patch will be the specified 
boundary condition. The grid-deformation/sliding 
scheme was implemented in the CFD-ACE+ code 

(ESI Inc, 2009) and was used for modeling the 
rotating ring of the pulsator. 

2.2 Pulsating flow turbulence modeling 

Despite their importance to a variety of 
applications and also due to the complexity of the 
modifications that result from the statistical 
unsteadiness, flows of this kind have received 
relatively little attention in comparison to 
statistically steady flows. Modeling statistically 
unsteady turbulent flows with a large oscillation 
amplitude poses a special challenge since most 
turbulence models, including the eddy viscosity 
models (EVM) and Reynolds stress transport 
models (RSTM) were developed for statistically 
steady turbulent flows. The RSTM’s alleviate the 
fundamental assumptions of “local equilibrium” 
used in eddy viscosity formulations where the 
constitutive formulation inherently balances 
generation and dissipation mechanisms of 
turbulence energy cascades. The critical 
evaluations of both types of models, however, 
indicated that RSTM does not consistently 
outperform the EVM’s (Cotton et al., 2001). Past 
EVM studies indicate that two-equation models 
are capable of reproducing general features of 
statistically unsteady flows, although their 
detailed performance varies from model to model 
(see He, Ariyaratne and Vardy (2008), Wang and 
Zhang (2005), Scotti and Piomelli (2002), and the 
references cited within). Modeling efforts to 
specifically account for unsteadiness of the flows 
based on the concept of rapid distortion theory 
has also been developed (Launder and Sharma, 
1974; Mankbadi and Liu, 1992), although it has 
not been widely utilized. 
Based on an extensive literature review on 
turbulence models for pulsating turbulent flows 
(Palfreyman and Martinez-Botas, 2005; Scotti and 
Piomelli, 2002; Chen and Patel, 1998; Chen, 
Shang and Huang, 1993), it was observed that 
near-wall treatment is another important issue 
since the flow may reverse its direction during the 
pressure oscillation cycles. This peculiar feature 
makes near-wall low-Reynolds-number models 
utilizing wall variables, such as the friction 
velocity, liable to fail (Scotti and Piomelli, 2002). 
On the other hand, low-Reynolds number models, 
which do not use wall-parameters, may yield 
more accurate results but require extensive grid 
refinement near the wall and are thus more 
expensive to use (He, Ariyaratne and Vardy, 2008; 
Wang and Zhang, 2005). Near wall models which 
“switch” from k-ω (near wall) to k-ε (away from 
wall), such as the SST model (Menter, 1994) 
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failed to converge during the course of this study 
due to highly deforming grids formed during the 
pulsating cycles. 
The present study used the RNG k-ε model as the 
baseline turbulence model, motivated by a recent 
study (Palfreyman and Martinez-Botas, 2005), 
where the high-Reynolds-number RNG k-ε model 
(Yakhot et al., 1992) was shown to produce good 
results when compared with experimental 
measurements of the pulsating flow field in a 
mixed flow turbocharger turbine. To resolve near-
wall low-Reynolds-number dynamics, a two-layer 
near-wall treatment (Chen and Patel, 1998; Chen, 
Shang and Huang, 1993) was coupled with the 
RNG k-ε model. It was shown in Chen and Patel 
(1998) that the two-layer turbulence models 
without using wall variables can efficiently 
handle flow reversals. Utilizing the two-layer 
RNG k-ε model in complex pulsating flow 
simulation with internal deforming/sliding grids is 
one of the new contributions of the present study. 
The RNG k-ε (Yakhot et al., 1992) model is 
formulated such that the equations for k and ε 
have the same form as the standard k-ε model: 

 (1) 

 

 
(2)

 

The RNG model was developed to include effects 
of smaller eddy motion toward turbulent diffusion. 
The eddy diffusion aspect was emphasized in 
Cotton et al. (2001) for modeling periodic motion 
in turbulent flows. To account for different scales 
of motion through changes to the kinetic energy 
production term, the model coefficients take 
different values as: Cµ = 0.085, Cε2 = 1.68, σk = σε 
= 0.7179. The coefficient Cε1 becomes a function 
of η, the ratio of time scales for turbulence and 
mean strain rate: 
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in which Sij is the mean strain rate tensor and the 
constants in Eq. (3) have the values ηo = 4.38 and 
β = 0.015. 
For near-wall low-Reynolds-number treatment, 
the concept of two-layer modeling (Chen and 
Patel, 1998; Chen, Shang and Huang, 1993), in 
which the near-wall sub layer is divided into two 
layers was used. In the two-layer approach, the 
RNG k-ε model was applied in the outer layer 
where turbulent effect dominates. In the inner 
layer, where viscous effect prevails, the 
k-equation was integrated to the wall while the 
ε-equation is replaced by an algebraic relation. 
With the two-layer model, turbulent viscosity is 
calculated as: 
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where the local turbulent Reynolds number is 
defined as: 
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The model constants are a = 50.5, b = 5.3, 
, and the interface location is at fμ = 1, 

below which the dissipation is calculated as: 
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The matching point for the two-layer RNG k-ε 
model was chosen as y+ = 50. The two-layer near-
wall treatment represents a compromise between 
the Low-Reynolds-number EVM’s and wall-
function approach for application to the present  
3-D complex geometry. Using the two-layer 
approach, only a few computational cells are 
required within the viscous sub-layer, as 
compared to dozens of cells required using two-
equation Low-Reynolds-number models, such as 
the Launder-Sharma model (Launder and Sharma, 
1974). To reach grid-independency, care should 

S , 
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be taken that the first grid point from the wall 
should be within y+ = 1 (Chen and Patel, 1998; 
Chen, Shang and Huang, 1993). The near-wall 
grids for this study had to be adjusted by running 
a few numerical time-steps of the solver and 
reviewing the value of y+ in the post-processor to 
ensure that the value is ≈ 1. 

3. NUMERICAL RESULTS AND 
DISCUSSION 

Figure 2 shows the computational regions and 
associated grids involving the rotating disk with 
flow passages indicated in red. The rotating disk 
had 21 orifices equally spaced from each other. 
The flow inlet to the pulsator was 0.1525 m from 
the top of the diverter chamber and the flow outlet 
was 0.127 m from the exit of the diverter chamber. 
The diameter of each hole in the rotating disk was 
0.00635 m. The inlet flow boundary condition 
was set at a location 0.1525 m upstream of the 
diverter chamber as this is at a far enough 
upstream position, to be assigned as a fixed 
pressure boundary condition. Also there may be a 
certain amount of pressure pulsation propagating 
upstream and this is indicated in contours shown 
in the results (Figs. 13a, b). The magnitudes of 
these upstream pulsations need to be quantified 
experimentally. Figures 3a, 3b and 3c show the 
cut-section of the flow diverter chamber. The area 
in red is indicative of the solid region of the flow 
throttling valve. In this study it was set to 25, 50 
and 75% of the turns corresponding to 75, 50 and 
25% of mass flow through the diverter chamber. 
Varying the position of this plug thereby allows 
for studies on varied mass flow rates through the 
diverter chamber and its effect on pulsating flow 
structures. 
Based on previous experimental work in Russia 
(Bazarov, 1979), excitation frequencies in the 
range between 800-2000 Hz were applied 
numerically to the rotating disk. There are 21 
orifices in the current pulsator configuration and 
these correspond to a frequency range of 40 to 
95 Hz per orifice. The boundary conditions of 
these frequencies were applied as rotational 
speeds of the disk and these varied from  
14,400 degree/sec to 34,286 degree/sec. The 
working fluid used in all these test studies was 
water. The reference pressure used for these test 
cases was 2,758 kPa (400 PSI). The boundary 
condition for the flow inlet to the pulsator was set 
to a fixed pressure of 3,448 kPa (500 PSI). To 
ensure time-step-independency for unsteady flow 
simulations, various computational time steps 
were used in preliminary test cases involving the 

highest frequency of 2000 Hz. The Backward 
Euler differencing scheme was used to 
approximate the unsteady term. The time-steps 
were marched computationally and within each 
time step the residuals reached 1.0E-4 to obtain 
time accurate solutions. 
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Fig. 2 Rotating disk computational domains. 

 

 (a) (b) (c) 
 

Fig. 3 (a) Diverter chamber throttle position 75%; 
(b) Diverter chamber throttle position 50%; 
(c) Diverter chamber throttle position 25%. 

The averaged pressure fluctuation across the 
pulsator out-flow exit plane with the advancement 
of the computational time-step are graphically 
represented in Fig. 4. From the results, it can be 
observed that at a time-step of 2.0E-5 second the 
pressure response is highly diffusive. The 
variation in response at time-steps of 1.0E-5 and 
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Fig. 4 Time-step dependency at 2000 Hz. 

 

 
Fig. 5 Grid independency comparisons at 2000 Hz. 

 

 
Fig. 6 Exit plane velocity fluctuation comparisons at 

2000 Hz. 

0.5E-5 seconds shows negligible change in the 
pressure response, thereby indicating a time-step 
independent solution. The following results were 
obtained using 1.0E-5 second as time step. For the 
preliminary numerical computations a three-
dimensional computational domain discretized 
with initially 46,413 numerical cells was used, 
progressively refined to 151,300 numerical cells 
and then further refined by about 20% to 180,208 
numerical cells with refinement at the flow areas 
of interest. The improvement in the numerical 
prediction accuracy due to the refinement of the 
computational grid (grid independent solution) 
was performed for the 2000 Hz input frequency 
test case, with a computational time step of  
1.0E-5 seconds. The comparative results for the 
pressure and velocity fluctuations at the outlet of 
the pulsator are shown in Figs. 5 and 6, 
respectively. The results indicate a small variation 
in both the pressure and velocity fluctuations that 
could be considered a relatively grid independent 
solution. The present grid-independent results 
were obtained using 180,208 numerical cells with 
refinement at the flow areas of interest. Further 
details of grid-independency studies can be found 
in (Yakhot et al., 1992). 
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Fig. 7 Turbulence model comparison at 2000 Hz. 
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Fig. 8 Computational order comparisons at a disk 

rotational frequency of 2000 Hz. 

evaluated using the wall-function/RNG k-ε model. 
The accuracy in numerical predictions using 
higher order differencing methods was studied for 
the grid with 180,208 numerical cells and a 
computational time-step of 1.0E-5 second. The 
comparative velocity fluctuations at the exit plane 
of the outlet flow for first and second order 
computational schemes are show in Fig. 8 and 
indicate a slight variation. 
To investigate the effect of disk rotation 
frequency on the exit pressure pulsation, the plots 
of volume-averaged pressure at the flow outlet of 
the pulsator as a function of the time are shown in 
Figs. 9, 10, 11 and 12. It was observed that the 
pressure response for the test case at 840 Hz 
shown in Fig. 9, the pulsations were highly non-
periodic and non-harmonic. The results are shown 
in the same time duration for comparative 
consistency. For the lower frequency (840, 1050 
& 1575 Hz) comparisons it was observed that the 
amplitudes were noticeably non-harmonic to a 
significant number of phase responses within the 
0.012 computational time-frame. 
When liquid under excess pressure P1 (inlet) is 
supplied to the flow inlet it will lose some 
pressure flowing through the diverter chamber. A 
part of liquid under pressure P2 (flow outlet) will 
flow through the exit of the diverter chamber and 
through a periodically changing area between the 
walls and orifices of the rotating disk. The mass 
flow rate of liquid through the flow outlet will be 
periodically changed thereby adding to the total 
mass flow rate through diverter chamber inlet and 
will periodically change pressure drop, which will 
excite pressure pulsations. The amplitude of 
excited pulsation will depend on the pressure 
drops P1 - P2. 

 
Fig. 9 Pressure responses at 840 Hz. 

 

 
Fig. 10 Pressure responses at 1050 Hz. 

 

 
Fig. 11 Pressure responses at 1575 Hz. 
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Fig. 12 Pressure responses at 2000 Hz. 

 

(a)

(b)

(a)

(b)

 

Fig. 13 Pressure contours at incremental pulsator 
rotational steps at the mid-plane. (a) Open 
orifice; (b) Partially open orifice (Reference 
Pressure 2,758 kPa (400 PSI), 2000 Hz). 

The amplitude will also depend on the flow area 
through the diverter chamber and the disk orifices. 
The larger the pressure drop and flow areas the 
higher the amplitude. So, an additional expense of 
the drained liquid is a payment for gained 
pulsation. However, some limitations on the 
increased pressure drops may result in the 
possibility of cavitations in the diverter chamber 
and the disk orifices, which would result in a non-
sinusoidal pressure signal. Figs. 10, 11 and 12 
show the progressive improvement in the pressure 
response at the flow exit. 
Figure 12 shows the harmonic variation in the 
pressure at the flow exit for an input frequency of 
2000 Hz. The periodicity of the pressure 
fluctuations indicates a periodic constant pressure 
drop at the flow exit. A portion of the liquid will 
be diverted and must either be circulated back 

into the system or wasted. Due to the fact that the 
system relies on a mechanical means to provide 
the pulsation, (rotating or reciprocating parts) the 
complexity of the system increases. 
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Hydraulic pulsators are best suited for excitation 
of periodical pulsation of pressure in the 
frequency range 1000–2000 Hz in model liquids 
and gases during cold flow tests. These 
characterizations of experimental data, gained 
with the help of the hydro-mechanical pulsator 
have provided valuable inputs into the dynamic 
characteristics of jet and swirl liquid injector 
elements (Bazarov 1979; Andreev et al., 1991). 
Experiments have been conducted (Bazarov, 1996) 
under LFRE application conditions exceeding 
1.2E+6 Pa with the excitation of pulsation during 
fire tests. The preliminary numerical results from 
this study are consistent with the trends observed 
in the experimental observations of (Bazarov, 
1996; Yakhot et al., 1992). Figs. 13(a) and 13(b) 
show the pressure contours along the mid-plane 
cut section for a fixed inlet pressure of 3,448 kPa 
(500 PSI) for the 2000 Hz input frequency test 
case. 

 (secs(sec) 

The reference baseline pressures in these contours 
are 2,758 kPa (400 PSI). Figure 13(a) represents 
the pressure profile at a disk rotational position 
where the disk orifice is aligned with the diverted 
flow. It can be observed that there is pressure 
drop at the flow exit 2206 kPa (320 PSI). Figure 
13(b) represents the pressure profile at the next 
rotational position of the disk. Here the diverter 
flow is aligned to the solid wall of the rotating 
disk, with only partial flow occurring through the 
small open areas at the top and bottom region of 
the diverter flow. It can be observed that at this 
rotational position, there is an increase in the 
pressure at the flow exit to 4137 kPa (600 PSI). 
Numerical studies on the effects of different mass 
flow (MF) rates through the pulsator were 
performed to obtain an optimal operating range 
for the pulsator to generate a harmonic pressure 
response at the inlet of the injector. This requires 
modifications to the geometry to increase or 
decrease the number of turns of the throttling plug 
in the flow diverter chamber. As indicated above 
three variations of mass flow through the diverter 
chamber were numerically studied. Three 
different MF rates 25, 50 and 75% through the 
diverter chamber were numerically studied for 
their pressure response at the flow outlet. These 
correspond to 75, 50 and 25% throttling using the 
throttling valve (see Figs. 3a (75%), 3b (50%) and 
3c (25%)). These computations using the RNG 
k-ε model were performed for disk rotational 
frequencies of 840 Hz, 1575 Hz and 2000 Hz. 
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The comparative results of the pressure responses 
at the flow outlet to the injector versus 
computational time are shown in Figs. 14, 15 and 
16 respectively. 
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As observed from Fig. 14, at low rotational 
frequencies there is minimal effect of the 
variation in mass flow rates and the harmonic 
response tends to be dissipative. At a higher 
frequency of rotation at 1575 Hz the pressure 
response tends to be more harmonic at 50% mass 
flow rate as compared to 25% mass flow rate and 
tapers down as mass flow rate is increased to 75%, 
as observed from Fig. 15. In Fig. 16 at a rotational 
frequency of 2000 Hz the amplitude of the 
pressure fluctuations dampens down to a smaller 
range at 50 and 75% mass flow rate in 
comparison to a 25% mass flow rate calculation. 

25% Mass Flow
50% Mass Flow
75% Mass Flow

 (secs)(sec) 

 

 
Fig. 14 Mass flow rate comparisons at a disk 

rotational frequency of 840 Hz. 

 

 
Fig. 15 Mass flow rate comparisons at a disk 

rotational frequency of 1575 Hz. 

 
Fig. 16 Mass flow rate comparisons at a disk 

rotational frequency of 2000 Hz. 

4. CONCLUDING REMARKS 

A three-dimensional model with 
sliding/deforming grid to describe pulsating flow 
in a hydro-mechanical pulsator is developed and 
simulated with finite-volume numerical method. 
A two-layer RNG k-ε model was incorporated for 
modeling the statistically unsteady turbulent flow 
generated by the rotating internal disk of the 
pulsator. The oscillating flow fields generated by 
the pulsator were used to simulate feed line 
oscillation for studying injector dynamics. The 
pressure responses from these studies would be 
applied as a time varying pressure input boundary 
condition at the injector inlet and the 
corresponding change in the atomization, 
evaporation and combustion characteristics in the 
LFRE combustion chamber environment would 
be evaluated. The simulation results on pressure 
pulsation at the exit plane of the pulsator are 
consistent with the experimental observations, 
showing that harmonic pressure oscillations can 
be sustained when the rotating disk operates 
between 1500 Hz and 2000 Hz. Studies were also 
performed to optimize the mass flow rates by 
adjusting the throttling valve. The computed 
results show that at low rotational frequencies 
harmonic response tends to be dissipative in 
comparison to high rotational frequencies. 
Utilizing the hydro-mechanical pulsator to create 
feed line instabilities is a new concept 
methodology that has been only recently begun to 
be investigated. Other researchers (Bazarov et al., 
2007; Balasubramanyam, Chen and Bazarov, 
2008; Wilson, Lineberry and Moser, 2009; Khil 
et al., 2008 & 2009; Ahn, Ismailov and Heister, 
2009) have also recently started to study this 
technique and only recently have the results of 
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these preliminary studies been published. These 
studies along with the current work at the PRC 
have been performed at low inlet pressures. The 
practical application environments are usually at 
higher pressures. This numerical work is a design 
study to guide the experimental work in 
identifying the optimum rotational frequency for 
harmonic phase response, to reduce the 
experimental costs. Results from this study show 
that numerical modeling using URANS can assist 
in defending the operating boundaries of the 
pulsator. Future work would involve validation 
with experimental data and numerical model 
improvements to enhance predictions. 
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NOMENCLATURE 

Cµ, C ε1,2 model coefficients 
fμ damping function 
k turbulent kinetic energy (m2/sec2) 
lε, lµ length scales 
P pressure (Pa, PSI) 
Rek local turbulent Reynolds number 
Sij rate of mean-strain tensor 
t time (secs) 
u* wall friction velocity (m/secs) 
y distance from wall (m) 
y+ (u*y)/ν=normalized distance from wall
ε dissipation energy (m2/sec3) 
κ 0.04 
ρ fluid density (kg/m3) 
µt turbulent viscosity (kg/m sec) 
ν kinematic viscosity (m2/sec) 
η ratio of time scales for turbulence 
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