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Abstract—This paper deals with review of all the research
papers related to modelling of compressible nozzle flow
and analysis of heat transfer, frictional and isentropic
flow through variable area duct.

In this paper, we will collect all the information related to
above topic and then find out their problems.
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. INTRODUCTION

Every thermal system (TS) consists of different types of
elements among which are heat exchangers, compressors,
turbines, ducts. Most commercial network flow analysis
codes lack the capability to simulate one dimensional flow in
a rocket engine nozzle. Simulation of one-dimensional flow
in rocket nozzle requires a numerical algorithm capable of
modeling compressible flow with friction, heat transfer,
variable cross-sectional area and chemical reaction. One of
the primary requirements of compressible flow simulation is
to accurately model the inertia force which is often neglected
in many network flow analysis codes. Generalized Fluid
System Simulation Program (GFSSP) which is widely used
for the design of Main Propulsion System of Launch Vehicle
and secondary flow analysis of turbopump. GFSSP employs a
finite volume formulation of mass, momentum and energy
conservation equations in a network consisting of nodes and
branches . Energy conservation equations are expressed in
terms of entropy with entropy generation due to viscous
dissipation. Mass and energy conservation equations are
solved for pressures and entropies at the nodes while the
momentum conservation equation is solved at the branches to
calculate flow rate.

Large scale launch vehicle requires nozzle which can
produce maximum specific impulse and thrust with reduced
nozzle length. Until now, various supersonic nozzles such as
thrust-optimized contour (TOC), compressed truncated
perfect (CTP) contours have been developed to meet such
demands. The coupling of heat transfer at a solid/fluid
interface is known as conjugate heat transfer (CHT). CHT
problems are commonly found in real-world applications
such as turbo-machinery, reentry vehicles, laser irradiation
applications, heating ducts and more. In order to properly
simulate a conjugate heat transfer problem, a code needs to
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be able to accurately model the convective heat transfer in the
fluid and the conductive heat transfer in the solid.

[l.  LITERATURE SURVEY

Different relevant studied papers are shown as below:

In 2006, Eric C. Marineau and Joseph A. Schetz focused on
convective heat transfer with complex wall temperature
variations, as well as conjugate heat transfer problems
involving solids are performed. Simulations are made using
the GASP Computational Fluid Dynamics (CFD) code, which
solves the Reynolds-Averaged Navier-Stokes equations
(RANS). GASP has been modified by adding a solid heat
conduction solver, enabling the coupling of RANS with the
heat equation for an isotropic solid. Validation cases
involving convective heat transfer are considered.

In 2007, Alak Bandyopadhyay and Alok Majumdar described
the verification and validation of a quasi one-dimensional
pressure based finite volume algorithm, implemented in
Generalized Fluid System Simulation Program (GFSSP), for
predicting compressible flow with friction, heat transfer and
area change. The numerical predictions were compared with
two classical solutions of compressible flow, i.e. Fanno and
Rayleigh flow. Fanno flow provides an analytical solution of
compressible flow in a long slender pipe where incoming
subsonic flow can be choked due to friction. On the other
hand, Raleigh flow provides analytical solution of frictionless
compressible flow with heat transfer where incoming
subsonic flow can be choked at the outlet boundary with heat
addition to the control volume. Non uniform grid distribution
improves the accuracy of numerical prediction. A benchmark
numerical solution of compressible flow in a converging-
diverging nozzle with friction and heat transfer has been
developed to verify GFSSP’s numerical predictions. The
numerical predictions compare favorably in all cases.

In 2010, Vincent Lijo explained a numerical investigation of
transient flows in an axisymmetric over-expanded thrust-
optimized contour nozzle is presented. These nozzles
experience side-loads during start-up and shut-down
operations, because of the flow separation at nozzle walls.
Two types of flow separations such as free shock separation
(FSS) and restricted shock separation (RSS) shock structure
occur. A two-dimensional axisymmetric numerical simulation
has been carried for a thrust-optimized contour nozzle to
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validate present results and investigate oscillatory flow
characteristics during the start-up processes. Reynolds-
Averaged Navier—Stokes equations are numerically solved
using a fully implicit finite volume scheme. Governing
equations are solved by coupled implicit scheme. The present
work is concerned with comprehensive assessment of the
flow features by using Reynolds stress turbulence model.
Computed pressure at the nozzle wall closely matched with
the experimental data. A hysteresis phenomenon has been
observed between these two shock structures. The transition
from FSS to RSS pattern during start-up process has shown
maximum nozzle wall pressure. Nozzle wall pressure and
shear stress values have shown fluctuations during the FSS to
RSS transition. The oscillatory pressure has been observed on
the nozzle wall for high pressure ratio. Present results have
shown that magnitude of the nozzle wall pressure variation is
high for the oscillatory phenomenon.

In 2010, Mykhaylo Fedorov published a paper in which
described that exact analytical solutions of one-dimensional
gas dynamics are intensively applied in engineering practice
as a tool in modelling and simulating the piping systems that
utilize a compressible medium as their working

fluids. Well-known exact analytical solutions for simple types
of flows, i.e. for flow processes in which only a single effect
is taken into account (e.g. such limiting cases of flows as
isentropic, adiabatic or isothermal), are classics of modern
one-dimensional gas dynamics theory formed in the first half
of last century. At present, gas dynamics does not possess an
exact analytical solution for more than a single factor
bringing about changes in fluid properties. In this paper the
possibility of obtaining general and particular solutions of a
nonlinear ordinary differential equation (ODE) system
describing one-dimensional steady-state flow of compressible
ideal gas in constant area ducts with a constant heat flux and
friction factor is discussed. It shows that ODE system
variables can be separated, and integrals can be taken in
terms of elementary functions. Since an analytical solution is
the most important result of the paper, its detailed derivation
is presented.

The mathematical properties of the solution are analyzed in
order to calculate this type of compressible flow. For the
purpose of this analysis, the functions of the solution and duct
performance characteristics of the flow model are
demonstrated for various flows and heat flux values, as well
as distributions of flow parameters along the duct for both
subsonic and supersonic flows. The thermodynamic

constraints of the solution are also studied. The analytical .

solution formulas obtained in this paper may serve as a
definition of heat flux and friction factor in ducts from a
viewpoint of one-dimensional gas dynamics.

I1l.  APPROXIMATION OF EXPERIMENTAL SET UP

Figure 1 shows the schematic view of four melt delivery
nozzles under consideration in this study, each with differing
melt tip length, but the same internal profile. In this study,
high-speed gas flow through each of the three nozzles has
been generated by commercial CFD code, ANSY'S Fluent 13.
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FIGURE 1 THE SCHEMATIC VIEW OF FOUR MELT DELIVERY NOZZLES

(a)

Thermocouples nsulation

Pressure tap

NBAZZ

— — =1 (Cold air|
€D (

<> CICTEICICIRICICIEIRD <

Inflow

=

Electrical heater

FIG. 2 TEST TUBE FITTED WITH THE NOZZLE-TURBULATORS, (A) C-
NOZZLE AND (B) D-NOZZLE ARRANGEMENTS.
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Fig. 3. Schematic diagram of experimental heat transfer set-up.

In the apparatus setting above, the inlet bulk air at 25 °C from
a 7.5kW blower was directed through an orifice meter and
passed to the heat transfer test section. The air flow rate was
measured by the orifice meter, built according to ASME
standard. Manometric fluid was used in U-tube manometers
with specific gravity (SG.) of 0.826 to ensure reasonably
accurate measurement of the low pressure drop encountered
at low Reynolds numbers. Also, the pressure drop of the heat
transfer test tube was measured with an inclined U-tube
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manometer. The volumetric air flow rates from the blower
were adjusted by varying motor speed through the inverter
and measured by the orifice meter situated upstream of the
test tube.

During the experiments, the bulk air was heated by an
adjustable electrical heater wrapping along the test section.
Both the inlet and outlet temperatures of the bulk air from the
tube were measured by multi-channel RTD PT 100 type
temperature sensors, calibrated within £0.1C deviation by
thermostat before being used. It was necessary to measure the
temperature at 15 stations altogether on the outer surface of
the heat transfer test pipe for finding out the average Nusselt
number.

In each test run, it was necessary to record the data of
temperature, volumetric flow rate and pressure drop of the
bulk air at steady state conditions in which the inlet air
temperature was maintained at 25 °C. The Reynolds number
of the bulk air was varied from 8000 to 18,000. The various
characteristics of the flow, the Nusselt number, and the
Reynolds numbers were based on the average of tube wall
temperatures and of inlet and outlet air temperatures. The
local wall temperatures, inlet and outlet air temperatures, the
pressure drop across the test section and air flow velocity
were measured and recorded to evaluate and analyze the heat
transfer rate of the heated tube. The average Nusselt numbers
were calculated and discussed where all fluid properties were
determined at the overall bulk mean temperature.

Model assumptions

In order to simplify the numerical calculations and establish

the numerical model of gas flow pattern, the following

assumptions have been made as below:

1- Flow is considered to be steady-state.

2- The effects of gravity are neglected.

3- Flow is 2D axis-symmetric.

4- Flow is considered as air and modelled as a
compressible ideal gas.

5- The impact of the molten metal is not considered.

Domain and Meshing

A detailed study of both the domain size and boundary
locations were undertaken to identify the effect of inlet /outlet
moving boundaries and the size of computational domain.
The final geometry was constructed and domain
independence was demonstrated. A series of high-quality
meshes were developed with increasing spatial resolution to
evaluate the effect of that on the CFD results. These
contained 15000, 22500 and 30762 elements, respectively. It
was established that the results where the mesh containing
30762 elements were

acceptably mesh independent and these were subsequently
used for the simulations reported here. The domain size and a
sample of mesh independent can be seen in Figure.

Boundary Conditions

Atomization gas pressures of 0.5, 1, 1.5, 2, 2.5,3, and 4MPa
were considered for the pressure inlet boundary condition to
the nozzle gas chamber, these pressures being based on
commercial operating practise for gas atomisation. The outlet
of the domain (down stream of the melt nozzle) was taken as
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a pressure condition at atmospheric pressure. The outer
boundaries for the gas chamber, melt delivery nozzle and the
gas die were considered as a wall with no-slip velocity
condition. For the boundary labelled ‘Upper domain
boundary’ in figure 4, two boundary models were considered,
a wall with no-slip condition and an atmospheric pressure
outlet. Calculations have been undertaken for both above a
part of the domain independence test. It was noted

that the results were comparable for both boundary conditions
and, as such, the wall boundary was used since this provided
more consistent model convergence. In addition, for the
thermal boundary conditions, for upper boundary flow inlet
and outlet, the gas temperature was set at 300K.
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Figure 4 Computational domain and example of the mesh close to the melt
nozzle tip for nozzle typel

IV. CONCLUSIONS

We concluded that all the research paper studied and found
that it was interesting topic in which we can satisfactorily
work and we can use the software for modelling and
simulation and then analysis for compressible nozzle flow
through the variable duct.
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