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Abstract – High altitude test facilities are established, for
testing upper stage rocket engines. Typical HAT facility
consists of Vacuum system, diffuser system, cooling system
and ejector system. Normally air/GN2 is used as active gas
for ejector system which is stored in high pressure cylinders.
Wind tunnel facilities are used for conducting aerodynamic
simulation experiments in various flow velocities. Similarly
wind tunnel facility requires the systems like diffuser system,
test section, nozzle to generate required upstream flow
velocity and associated gas storages. In this article, the
feasibility study of conducting wind tunnel experiments by
utilizing the existing infrastructure in HAT facility by
suitably modifying the facility. For this detailed theoretical
study, CFD analysis is carried out to propose this conversion
without affecting the existing functional requirements of the
facility.
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I. INTRODUCTION

The High Altitude Testing (HAT) of upper stage rocket
engines is essential to demonstrate the vacuum ignition,
ascertain the thermal and structural integrity of the engine,
evaluate the vacuum thrust, and study performance of
engine. The high altitude condition at the engine exit at the
start of the test is created by GN2 ejector [1]. Multistage
diffuser ejector system is employed to pump out engine
plume from supersonic nozzle exit pressure to atmospheric
pressure. In the HAT facilities, the engine is configured as
primary ejector and the momentum generated by the
engine is converted to the pressure component using the
diffuser. The diffuser ejector system is to be optimized to
obtain the maximum recovery pressure which intern
reduces the ejector load in successive stages [2].

A wind tunnel provides air streams flowing under
controlled conditions so that models can be tested by using
them [3]. As rocket engines operating at high altitudes are
of high Mach numbers, they have to be tested in
supersonic/hypersonic wind tunnels. The operations of
high-speed wind tunnel are influenced by compressibility
effects. It means for high-speed flows, the Mach number is
considered as an essential appropriate parameter than
velocity [3]. The implication of rapidly increasing power
requirements with increasing test-section speed this
conversion is highly applicable for high-speed tunnels.
Because of the power requirements, high-speed wind
tunnels are often of the intermittent type. In this type
energy is stored in the form of pressure or vacuum or both
and is allowed to drive the tunnel only a few seconds out
of each pumping hour. This article provides a detailed
investigation about the implementation of a novel idea to
modify the existing HAT facility for conducting the High

Speed Wind Tunnel (HSWT) Experiments without
affecting the functional requirements.

II. PROCEDURE FOR MODIFICATION OF HAT
FACILITY

High altitude test facilities are required to test the high
area ratio nozzles which are operating in the upper stages
of rocket. The main objective of conducting the high
altitude testing is to test the engine in the nozzle full flow
condition by creating the ambient pressure equal or less
than the nozzle exit pressure [4]. Wind tunnel facility
provides air streams flowing under controlled conditions
so that models can be tested using them. These facilities
are used for conducting aerodynamic simulation
experiments in various flow velocities [3].

Both the facilities mentioned here are containing their
own advantages and limitations individually. However, the
construction of both of these facilities requires more space
and extremely high cost. In order to overcome this
shortcoming, a feasibility investigation is carried out to
conduct wind tunnel experiments in the existing HAT
facility. To modify the HAT facility for conducting wind
tunnel experiments, the following parameters should be
customized. They are,
A. Finalize the optimized configuration by theoretical
study
B. Design of nozzle as per the desired flow regime.
C. Similarity analysis between the HAT and Wind tunnel
Facility.
1) Configuration of Typical HAT Facility:

Fig.1. Schematic Diagram of Typical HAT Facility

The facility comprises of the following systems:
Vacuum system, Diffuser system, Cooling system,
Isolation valve and Ejector and drive gas system. The
HAT system consists of a vacuum test chamber that
isolates the rocket motor from the outside atmosphere and
enables the measurement of full motor thrust by
simulating the high-altitude environment [5]. Vacuum
pumps are used to create vacuum in the vacuum chamber
and diffuser cavity.

mailto:bruceralphin@gmail.com
mailto:brindha@gmail.com


Copyright © 2014 IJISM, All right reserved
300

International Journal of Innovation in Science and Mathematics
Volume 2, Issue 3, ISSN (Online): 2347–9051

The diffuser converts the kinetic energy of the engine
plume into pressure energy. Second throat diffuser is used
in the diffuser system, the divergent portion of the diffuser
acts as subsonic diffuser for further pressure recovery. To
protect the diffuser wall from high temperature, parallel
flow jacket cooling is used. Water is utilized as the cooling
medium [6]. Downstream of the diffuser, water is sprayed
in the engine plume through two set of spokes to reduce
the engine exhaust temperature from stagnation
temperature of engine gas. The isolation valve isolates the
ejector system from the rest of HAT system [7]. It
prevents the atmospheric air from rushing into the diffuser
cavity at the end of the test. The main ejector is used to
pump the engine exhaust by momentum and energy
transfer from high velocity jets. The high pressure GN2 is
accelerated to high velocity through converging-diverging
nozzle [8].
2) Wind Tunnel Facility:

Based on operating speed, HAT facility is required for
testing rocket engines operating under high Mach
numbers. Hence in the proposed investigation, high speed
wind tunnels operating at high mach numbers are selected.
For establishing a typical HAT facility as well as wind
tunnel facilities, the major systems like high pressure
storage, vacuum chamber/settling chamber, diffuser and
an ejector are required. In specific, combined blow down
and suction type wind tunnel facility can be established
with minimum modification to the existing HAT
configuration [9].

Fig.2. Combined blow down and suction tunnel

For tests in the high Mach number range, where very
high pressure ratios across the tunnel are required, a
combination of blow-down and suction tunnel is often
used. In this case, the high pressure systems are connected
through a pressure and temperature control to the tunnel.
The diffuser of the tunnel is connected to a quick opening
valve which discharges into a vacuum tank. After each run
the vacuum tank is evacuated by means of vacuum pumps,
the air is compressed and dried, and sent into the high
pressure system. If the weight flow available is much
larger than the weight flow required for the high Mach
number test then an air ejector is used in place of a
vacuum tank. The surplus weight flow available is used as
the driving fluid for the ejector section. In high speed
tunnels, one of the more important elements is the heating
system because the minimum required temperature,

determined by the air saturation point, increases very
rapidly with the Mach number [10].
B. Design of nozzle as per the desired flow regime

Nozzles for supersonic blow down tunnels are generally
built according to one of four basic designs:
 The first basic design is one in which the two sides and

contoured walls are fabricated into a rigid semi-
permanent assembly. Then it is inserted into the tunnel
circuit as a piece of pipe with bolted flanges.

 The second basic design is one in which one side wall of
the nozzle is a fixed part of the tunnel circuit. The other
side wall and the two contoured walls are fabricated into
a semi-rigid permanent assembly.

 Another basic design has a rectangular channel with a
removable side wall as a fixed part of the tunnel circuit.
The two contoured walls of the nozzle are secured in
place in the channel and the movable side wall is then
positively clamped to the channel.

 The last design and by far most complicated nozzle
design is one in which the contoured wall of the tunnel
are flexible plates [11].
The nozzle of the supersonic wind tunnel is

axisymmetric, variable-geometry with converging-
diverging geometry. The flexible wall nozzle has
advantages over the fixed wall nozzles, in that Mach
number can be set at any desired value in the operating
range. The governing equation for nozzle design is given
by,
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Eqn (1) is the essential Area-Mach number relation
utilized in the study of one-dimensional compressible flow
through nozzles.
C. Similarities between HAT and Wind tunnel
Facility

High Altitude Testing
Facility

Combined Blow down
Suction Tunnel

Diffuser section Diffuser after test section
Ejector system Low Pressure Reservoir

 Test section is enclosed inside the vacuum chamber
 Diffuser section is available
 Ejector system will act as low pressure side of the wind

tunnel
 Existing GN2 drive gas storage for working fluid
 Supply

III. NUMERICAL ANALYSIS

The CFD analysis is carried out in the modified HAT
facility with and without the presence of model. The aim
of the present study is to predict the qualitative as well as
quantitative information on turbulence parameters like
turbulence kinetic energy, turbulence energy dissipation
and wake on sub-scale rocket models [12]. When a wind
tunnel is feigned, the cram about discrepancy of pressure,
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Mach number, density and temperature distribution in the
intact parts of it must be identified. The variation of pitch
and yaw components of flow angularity, boundary layer
treatment near the walls, noise and acoustics and the
behaviors of vortexes in the integral system should be
known. The most important measure of performance in a
wind tunnel is its turbulence, the level of unsteady velocity
fluctuations about the flow's average velocity [13].

Fig.3. Modified Sub-scale HAT facility

Case 1: Turbulence Measurements without Model

Fig.4. Turbulence Kinetic energy (without Model)

Fig.(4) highlights more details about the turbulence
fluctuations in a HSWT and how the different components
get their energy. Reynolds stresses using the Navier-
Stokes (N-S) equations are a starting point for turbulence
kinetic energy or fluctuating kinetic energy.  The
fluctuating kinetic energy for constant density flow is
obtained directly from the Reynolds stresses. The
turbulence kinetic energy provides the framework for
understanding the dynamics of turbulent motion and
turbulence modeling. For the kinetic energy of the
turbulence has a distinct role to play in the overall kinetic
energy balance. Briefly these are,
 Rate of change of kinetic energy per unit mass due to

non-stationary; i.e., time dependence of the mean
 Rate of change of kinetic energy per unit mass due to

convection (or advection) by the mean flow through an
inhomogeneous field.

 Transport of kinetic energy in an inhomogeneous field
due respectively to the pressure fluctuations, the
turbulence itself, and the viscous stresses.

 Rate of production of turbulence kinetic energy from the
mean flow.

Fig.5. Turbulent Dissipation Rate (without Model)

The kinetic energy for the fluctuating motions acts only
to reduce the kinetic energy of the flow. Therefore it
causes a negative rate of change of kinetic energy; hence
the name is turbulent dissipation rate. Energy is dissipated
because of the work done by the fluctuating viscous
stresses in resisting deformation of the fluid material by
the fluctuating strain rates.  The dissipation of turbulence
energy mostly takes place at the smallest turbulence scales
as illustrated in Fig (5) [13].
Case 2: Turbulence Measurements with model

The reduction of the turbulence intensity across the test
Section is the most important area. Flow velocity is very
perceptive to perturbations and fluctuates wildly in time
and in space. It also contains swirling flow structures with
characteristic length, velocity and time scales which are
spread over very broad ranges. If the turbulence kinetic
energy in the test section is huge enough (Fig 6), they may
cause adverse transition and the measurements i.e. drag,
lift and velocity profiles are inaccurate.

Fig.6 Turbulence Kinetic energy (with Model)

Turbulence level can be demonstrated well using a hot-
wire Anemometer. It gives the measurements of high-
frequency fluctuations in the airstream of supersonic wind
tunnels that do not take place in free air. Turbulence
dissipation rate gives the rate of change of fluid kinetic
energy to heat, by friction, and is one of the terms in the
energy equation for fluid flow. The test chamber is
considered as the control volume. This will allow one to
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express the net rate of dissipation in the test chamber in
terms of variables (e.g. temperature, pressure, velocity,
etc.). It can be measured at the inlet and outlet faces of test
chamber [13].

Fig.7. Turbulent Dissipation Rate (with Model)

IV. RESULTS & DISCUSSION

The measurements of turbulent level for the modified
HAT facility without model and with model are given fig
(8) and (9). The flow shift occurs from laminar to
turbulent flow on the model surface is considerably
upstream on its actual location, in an environment where
the free stream turbulence level is more than real value.
Free stream turbulence can change the effective Reynolds
number in turbulent flow somewhere. Because of small
variations of the free stream turbulence there is a change
in the behavior of boundary layer and skin friction.
However, the influence of free stream turbulence scale has
not been determined completely. Wind tunnels with equal
levels of turbulence can produce different test results due
to variations in their turbulence spectra. An acceptable
value for turbulence level of wind tunnel is a provision
and preliminary condition for dynamic similarity between
the flows around the model in the wind tunnel [14].

The higher kinetic energy associated with the turbulent
boundary layer permits greater penetration into the adverse
pressure gradient on the rear half of the cylinder. So,
compared to the laminar case, separation is delayed, the
wake width is substantially reduced and base pressure
recovery is improved. Free-stream turbulence increases
entrainment into the shear layers at the source of
turbulence of wind tunnel. It is divided in to two parts;
(i.e.,) (i). Turbulence caused by the eddies, (ii). Noise
correlation.

The turbulence parameters plot provides the effects of
turbulence on the generation of sound and velocity
fluctuations caused by pressure waves in a large
supersonic wind tunnel. It is found that sound waves have
a self-effacing impact on the measured longitudinal
turbulence and is essentially generated by eddies on
surface of a body, or in its wake, affecting the energy
distribution and altering the locations of transition,
separation and reattachment.

Fig.8.1. Measurements of turbulence kinetic energy
without model

Fig.8.2. Measurements of turbulence dissipation rate
without model

Fig.9.1. Measurements of turbulence kinetic energy with
model

Fig.9.2. Measurements of turbulence Dissipation rate with
model
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There is an enhanced diffusion of organized vorticity,
presumably affecting eddy-shedding phenomena and base
pressures. In a wind tunnel, pressure waves are generated
aerodynamically along the tunnel circuit which may be
considered as plane sound waves. These pressure waves
enter in to the test section either from the downstream
direction or through the nozzle and thus altering the test
condition [14].

V. CONCLUSIONS

The utilization of high altitude testing Facility for
conducting Wind Tunnel Experiments leads the HAT
facility to have a versatile behavior. By implementing this
feasibility study, the need for constructing a high speed
wind tunnel for flow simulation can be reduced. Mostly
high altitude testing of rocket engines is conducted once in
two to four months in a year. Rest of the time it remains
idle. During the remaining period, the HAT facility can be
utilized for wind tunnel experiment related purposes.
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