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Abstract

The operational map of the H3 Mach 6 blowdown wind tunnel, operated at the von Karman Institute for

Fluid Dynamics (VKI), is extended towards lower Mach numbers. Themain characteristics of the present

wind tunnel facility are first reviewed and their performance restrictions are analyzed. Accordingly, the

operating regimes and the corresponding performance characteristics of the supersonic ejector is in-

vestigated as it is identified to be the most critical component for achieving the desired modifications.

Then, the design methodology of a new contoured axisymmetric nozzle enabling operation at Mach 5

and high Reynolds numbers is reported. The design space for the new nozzle is analyzed by means

of a parametric study for the nozzle contour and an optimum set of parameters that yields the best

performances are identified (core flow diameter, Reynolds number). The design space is confined in

order to meet the different design constraints associated with the existing framework (i.e. dimensional

restrictions, ejectable mass flow rates, heating requirements). Finally, Navier-Stokes computations of

the flow development over the newly designed Mach 5 nozzle are performed to serve as an estimate of

the expected radial and axial flow uniformity within the core flow.

Keywords: VKI H3 wind tunnel, hypersonic, contoured nozzle design, HYPNOZE, method of charac-

teristics, viscous correction, supersonic ejector, blow-down facility

Nomenclature

Latin

d∗ – nozzle throat diameter, m

M – Mach number

p – pressure, Pa

r∗ – nozzle throat radius, m

R – ratio of throat radius of curvature to throat ra-

dius

Rc – throat radius of curvature, m

T – temperature, K

u – axial flow velocity, m/s

x, y – Cartesian coordinates, m

XBC – dimensionless distance between points B

and C, XBC = xC−xB

rcr

Greek

δ – boundary layer thickness, m

δ∗ – boundary layer displacement thickness, m

θ – flow angle, degrees

ρ – density, kg/m3

ω – nozzle opening angle, degrees

Superscripts

’ – Primary stream

” – Secondary stream

Subscripts

0 – Stagnation flow conditions
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1. Introduction
The development of sustainable high-speed travel systems requires a significant amount of joint numer-

ical and experimental investigations. In order to evaluate the aerodynamic performances of these vehi-

cles and validate numerical analysis performed by means of computational fluid dynamics (CFD) tools,

extended operational maps of existing ground testing facilities may be required. The VKI-H3 hypersonic

wind tunnel has been utilized for multiple experimental studies investigating various aspects of flight per-

formance characteristics of high-speed aerial vehicles. Accordingly, hypersonic flow characterizations

around blunted cone–flare are performed and the obtained results are employed for experimental vali-

dation purposes [1, 2]. Multiple studies of hypersonic boundary layer transitions due to interactions with

roughness elements are conducted [3–5]. Moreover, experimental characterization of the design speci-

fications of the Expert (European eXPErimental Re-entry Testbed) PL4/PL5 vehicle is performed with a

specific concentration of various modes of transition triggering [6]. Furthermore, the boundary layer in-

stabilities on the same space vehicle during atmospheric reentry are investigated by means of capturing

surface pressure fluctuations [7]. Moreover, aerothermal effects of ablation and heat-shield components

on the aerodynamic performance of re-entry capsules are captured [8]. Finally, experimental character-

ization of liquid jet atomization [9] and flow topology around gas, liquid, and three-dimensional obstacles

exposed to hypersonic cross-flow [10] are studied.

All of the aforementioned experimental campaigns are conducted for models that contain M∞ ∼6 in

their operational envelope. However, within the context of EU H2020 More & Less project, the high-

supersonic case study is conducted at a design flight Mach number for the cruise stage ofM∞ = 5. Thus,
in order the conduct the necessary ground testing of the cruise conditions, modifications are foreseen to

the VKI-H3 hypersonic tunnel in order to widen its operational capabilities for which a freestream Mach

number of M∞=5 and large Reynolds numbers are targeted. In this regard, the facility layout of the

VKI H3 wind tunnel is analyzed to identify the critical components bounding the operational space of

the wind tunnel. Accordingly, the parameters constraining the design space for the new Mach 5 nozzle

are investigated over a parametric study to yield the range of design specifications for the new nozzle.

Then, details of the nozzle design and optimization procedure are described resulting in the final viscous

corrected geometric form of the new Mach 5 nozzle form.

1.1. The VKI H3 wind tunnel and the existing framework

The VKI-H3 wind tunnel (Fig. 1) is a low enthalpy, blow-down facility designed to generate hypersonic

flows at large Reynolds numbers [11]. It is currently equipped with an axisymmetric contoured nozzle

producing a uniform Mach 6 free jet with an inviscid diameter of 120 mm [12, 13]. Dried air is supplied

from a pebble-bed heater at stagnation pressures from 7 to 35bar at a maximum stagnation temperature

of 550K. The free-stream unit Reynolds number may be varied from 3x106 to 30x106/m with the current

Mach 6 nozzle. Once the desired the stagnation pressure and temperature conditions are established,

a fast activating valve is opened and the air is expanded through a contoured nozzle into a vacuumed

test chamber. A supersonic diffuser (located immediately downstream of the test chamber) is used to

decelerate the flow and recover the kinetic energy in the form of pressure. A supersonic ejector is then

used to discharge the nozzle mass flow rate into the atmosphere.

The test section is equipped with a high-accuracy five-degree-of freedom orientation and a rapid in-

jection mechanisms where the letter enables model injection into the hypersonic stream in less than

0.1s. Typical useful test times extend up to 30s. Advanced instrumentation is available for both local-

ized (thermocouples, pressure sensors) and global measurement techniques (Infra-Red, 3-components

balances) by means of a National Instruments data acquisition system. Additional measurement tech-

niques may be used for specific needs. The tunnel is also equipped with high-quality shadowgraph and

schlieren optical systems.

1.2. Mach 6 axisymmetric contoured nozzle of the VKI H3 wind tunnel

The existing Mach 6 axisymmetric contoured nozzle is characterized by a length of 760 mm and an exit

diameter of 155 mm. It is operated with dry air right above the flow condensation threshold so that it

yields the largest free-stream unit Reynolds numbers (typically reaching up to Reunit=30x10
6/m). This

Mach 6 nozzle dates back to the 60s and was initially designed with an interchangeable throat in such

a way that slightly different Mach numbers could eventually be achieved within the test section at the
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Fig 1. Schematic representation of H3 hypersonic wind tunnel facility.

expense of slightly degraded flow uniformity [14, 15]. It seems this was never realized in practice and

this nozzle was kept operated at its targeted design conditions.

2. Facility sizing and operation
Nowadays, as the need to operate the facility at lower Mach numbers becomes increasingly important,

new nozzles are required. Rather than fitting the existing nozzle with a new throat that would compromise

the flow uniformity at the test section, a new nozzle is designed and optimized in order to fit within the

existing hardware. The objective of this work is to extend the operational capabilities of the H3 tunnel

towards lower Mach numbers. Besides the required design of a new contoured nozzle, it also implies to

account for all the constraints associated with the existing framework. In particular, reducing the testing

Mach number from 6 to 5 is associated with a decrease of the nozzle exit to throat area ratio. Hence,

sticking to the throat diameter used for the Mach 6 nozzle would lead to an unacceptable reduction

(∼48%) of the test cross-sectional area. Thus, in order to achieve sufficiently large core flow dimensions

which can then be useful for testing purposes, the throat size needs to be increased which requires the

facility to accommodate a larger mass flow.
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Fig 2. Schematic representation of supersonic ejector in operation at the H3 hypersonic wind tunnel

facility.

2.1. Supersonic ejector

The purpose of a supersonic ejector is to draw a given mass of secondary flow (wind tunnel stream)

from a reservoir of low pressure into a region of higher pressure by means of two main driving forces.

One of these forces being the pressure gradients due to the vacuum created by the accelerated ejector
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(primary) stream from a given reservoir and second one being the shear forces between the low speed

secondary stream and the high-speed primary stream [16]. The reservoir of secondary flow refers to

the recovered wind tunnel stream downstream of the test chamber and supersonic diffuser. The ejector

stream is drawn from the primary reservoir with a given stagnation pressure and provided into the mixing

chamber by means of a supersonic nozzle that accelerates the flow and creates the desired vacuum

conditions. The primary and secondary stream come into contact tangentially in the mixing chamber

before being discharged to the atmosphere [17].

1

2
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1

1
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2e

2e

2e

A2e’’

A2e’

A2e’’

A2e’

A2’’
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Fig 3. Mass rate of ratios of secondary to primary stream (µ) with varying stagnation pressures for

supersonic (top-left) and mixed (bottom-left) flow regimes. Schematics and experimental shadowgraph

images [16] of flow development within the mixing chamber for supersonic (top-right) and mixed (bottom-

right) flow regimes.

Supersonic ejector operation is determined by the reservoir pressures relative to each other and the

atmospheric conditions [18]. For high values of ejector reservoir pressure, the primary flow exits the

ejector nozzle at supersonic conditions and remains supersonic throughout the mixing chamber. Due

to the persistent supersonic conditions, the information transfer direction is consistently downstream.

Hence, the downstream pressure dictated by the exhaust conditions does not constraint or influence the

ejector operation. Moreover, depending on the speed of secondary stream entering the mixing chamber,

saturated supersonic conditions might be obtained if the secondary stream becomes chocked at the

section of interaction with the primary stream due to the increasing stagnation pressure of secondary

flow [19]. Furthermore, as the primary reservoir pressure is decreased, the supersonic jet extending

through themixing chamber breaks and the corresponding shock train moves towards the ejector nozzle.

Due to the proceeding subsonic primary flow and the subsonic secondary flow, the exhaust pressure

conditions become effective determining the mixing behavior of the primary and secondary streams

limiting the amount of mass flow that can be drawn from the secondary reservoir [20].

2.1.1. Operating regimes

The flow properties within the ejector can be described by means of one dimensional inviscid flow equa-

tion in order to explore the complete operational space of the supersonic ejector in a reduced order
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manner. Thus, referring to the aforementioned regimes of supersonic and mixed flow patterns, the gov-

erning equation set relating to the corresponding flow development throughout the ejector can be derived

using momentum and mass conservation relations. In this regard, in case of the supersonic flow pattern

two main assumptions can be made. Firstly, both wind tunnel (secondary) and ejector (primary) stream

are assumed to be expanded isentropically between sections 2 and 2e. Hence, stagnation flow proper-

ties are preserved. As shown in Fig. 3, high reservoir pressure of primary stream allows the streamtube

exiting the ejector nozzle to expand towards the secondary stream over the shear layers. Accordingly,

the shear layer acts as an effective compression surface for the secondary stream and accelerates the

flow by imposing a contraction of the local flow cross-section since MS,1 <1. Secondly, it is assumed
that the formation of the shear layers is such that the secondary stream reaches sonic conditions at

section 2e which acts as a sonic throat. Thus, the ratio of mass flow rates is computed by means of

recasting the momentum balance between sections 2 and 2e (Eq. 1).

µ =
ṁ′′

ṁ′ =

√
T ′
0

T ′′
0

f1(M
′
2e)− f1(M

′
2)

f1(M ′′
2 )− f1(M ′′

2e)
(1)

f1 is a user defined function of local Mach number of the corresponding stream, f1 = f1(M) (Eq.2).
Accordingly, the Mach number of the ejector stream at the exit of the ejector nozzle is known from the

geometric properties of the ejector,A′
2/A

′
1. Moreover, the flow of primary stream reaches sonic condition

at section 2e for the supersonic flow pattern , M ′′
2e = 1 (Fig. 3). Thus, the area ratio of the primary and

secondary streams (A2e
′′/A′′

2 ) can be computed for a range of Mach numbers of the secondary stream

at section 2 (M ′′
2 ).

f1(M) =
M + 1

γM
√
1 + 1

2 (λ− 1)M2
(2)

Furthermore, as the flow speed of the secondary stream is sufficiently high, the secondary stream

reaches the sonic condition at section 2 upstream of 2e where the flow conditions of primary and sec-

ondary streams are defined at the respective choking positions, MS,2=1 and MP,1=1. Hence, the ratio

of mass flow rates (µ) is described by the corresponding geometric properties of the ejector system and

the reservoir pressures of primary and secondary streams using Eq. 3.

µ =
ṁ′′

ṁ′ =
A′′

2

A′
1

P ′′
0

P ′
0

(3)

Moreover, reducing the reservoir pressure of the ejector stream, reduces the length of the fully super-

sonic portion of the flow field within the mixing chamber prior to reaching the second throat. Then,

although the primary flow at section 2 is supersonic, the supersonic flow is not maintained throughout

the mixing chamber which means that the flow regions near the mixing chamber walls are subsonic.

This regime of coexisting supersonic and subsonic flow condition throughout the cross-section of the

mixing chamber is referred to as the mixed flow pattern. Due to the supersonic flow being confined to

the core flow occupied by the primary stream, the secondary stream is an exposed to being affected

by the exhaust pressure, P4. Thus, the momentum transfer between sections 2 and 4 is expressed by

Eq. 4.

P ′
0A

′
2f2(M

′
2) + P ′′

0 A
′′
2f2(M

′′
2 ) = P0,4A4f2(M4) (4)

where f2 is similarly a function of M as given in Eq.5.

f2(M) =
(γM2 + 1)(

1 + 1
2 (γ − 1)M2

) γ
γ−1

(5)
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Then, solving Eq. 4 forM ′′
2 allows the continuity equation established at section 4 by Eq. 6 to be utilized

for calculating the mass flow rate ratios.

µ =
ṁ′′

ṁ′ =
P0,4

P ′
0

A4

A′
1

f3(M4)

f3(M ′
1)

− 1 (6)

f3 is also a function of the local Mach number (f3 = f3(M)) as described by Eq.7. Moreover, behaviors
of the non-dimensional functions f1(M), f2(M) and f3(M) are provided in Fig.4.

f3(M) = M

(
1 +

1

2
(γ − 1)M2

)− γ+1
2(γ−1)

(7)

𝑓!(𝑀)

𝑓"(𝑀)

𝑓#(𝑀)

Fig 4. Values of Mach number dependent non-dimensional functions f1(M), f2(M) and f3(M).

2.1.2. Ejector Performance

The ejector performance charts can be investigated in two main regimes referred to as the supersonic

and mixed flow patterns where the supersonic regime also contains a saturated flow pattern for suffi-

ciently high secondary stagnation pressure. Since the supersonic flow pattern with sufficient reservoir

pressure of the ejector allows the ejector to operate independently from the exhaust pressure, the max-

imum amount of air flow from the secondary (wind tunnel) stream can be extracted. Accordingly, using

Eqs. 1 and 6 the mass flow rate ratios (µ) and the corresponding mass flow rate of wind tunnel stream

(ṁ′′) that can be extracted is computed. The results are represented for varying reservoir pressure

ratios of secondary and primary streams (P ′′
0 /P

′
0) at constant wind tunnel stagnation temperature of

T ′′
0 =400 K (Fig. 5, left) and varying T ′′

0 at constant ejector reservoir pressure of P ′
0=20 bar (Fig. 5, right).

The reservoir pressure of the ejector stream becomes too low to maintain supersonic flow throughout

the mixing chamber and mixed flow patterns are observed as indicated by the red shaded area in Fig. 5

(left). Hence, the valid supersonic patterns are obtained to the right side of the dashed region. In terms

of mass flow rate ratios (µ), there exists a linearly proportional relationship between µ and P ′′
0 /P

′
0. On

the other hand, the mass flow rate of wind tunnel stream (ṁ′′) is less dependent on P ′
0 and dictated

mainly by the value of P ′′
0 . Moreover, the temperature dependency of µ and ṁ′′ reveals more dominant

effects at higher P ′′
0 /P

′
0 since with increasing ṁ′′ the contribution of the stagnation temperature of the

wind tunnel (T ′′
0 ) on the flow properties observed at the mixing chamber is increased. However, as the

analysis is performed at constant P ′
0 (and constant T

′
0 since there is no temperature control at the ejector

reservoir), the mass flow rate of the ejector stream is constant while with varying T ′′
0 and P ′′

0 . Thus, both

ṁ′′ and µ change simultaneously and proportionally.

Furthermore, as the stagnation pressure of the wind tunnel stream (P ′′
0 ) is increased, the flow speed of

the secondary stream at Section 2 increases to yield chocked flow conditions withM ′′
2 =1which is referred

to as the saturated supersonic regime (Fig. 7). Thus the corresponding µ and ṁ′′ values increase
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Saturated supersonic flowM
ixed flow

Fig 5. Mass flow rate ratios (µ, colormapped) andmass flow rate (kg/s) of secondary stream (ṁ′′, labeled

isolines) with varying stagnation pressures (left) and temperatures for supersonic operation (right). The

red and gray shaded areas indicate mixed and saturated supersonic flow patterns respectively (left).

drastically. The trend of linear proportional relationship between µ and P ′′
0 /P

′
0 becomes more confined

to a smaller range due to the small range of P ′′
0 that can yield a saturated supersonic flow pattern

without exceeding the wind tunnel capabilities (Fig. 7, left). Additionally, the dominance of P ′′
0 on the

ejectable mass of air flow from the wind tunnel is observed where it becomes almost independent of

P ′
0. As the influence of T ′′

0 analyzed, the aforementioned contribution on flow in the mixing chamber

from the secondary stream becomes more profound. Hence the variation of µ and ṁ′′ is affected much

predominantly by the wind tunnel stagnation temperature (Fig.7, right). Accordingly, increasing T ′′
0 at

constant P ′′
0 reduces the density of wind tunnel stream while increasing flow velocity by elevating the

local sound of speed. Nevertheless, as the sound of speed is proportional with the square root of local

static temperature while the mass flow rate is linear proportional with local density, the resultant mass

flow rate of the wind tunnel stream reduces by increasing T ′′
0 which results in a reduction in µ as well. At

suffienctly high P ′′
0 values where the secondary flow is being chocked at Section 2, the mass flow rate of

the wind tunnel stream becomes dominated by the flow properties of secondary flow (P ′′
2 and T ′′

2 ) with

little to no influence from primary stream due to the chocking condition which yields the terminology of

saturated flow. While for the supersonic flow pattern where the P ′′
0 lower than the saturation limit, one of

the driving factors for the magnitude of ṁ′′ is the formation of the shear layer which acts as the effective

compression surface that accelerates the secondary flow stream to meet choking conditions at section

2e (Fig. 3, top). Since the shape of the shear layer is generated by the pressure balance between the

primary and secondary streams at section 2, the P ′
0 value also influences the ejectable mass of air from

the wind tunnel test section.

Finally, reducing the ejector reservoir pressure below a limiting value yields a mixed flow pattern where

the supersonic flow exiting the ejector nozzle breaks down and becomes subsonic. Hence, throughout

the mixing chamber there is a combination of supersonic (at the exit of the ejector nozzle) and subsonic

(secondary stream and the downstream ejector stream) flow patterns which puts stringent limitations

on the maximum ejectable mass of air from the wind tunnel with an unsteady operational behavior.

The mixed flow regime corresponds to a rather confined operational range below which no feasible

solution for the wind tunnel operation exists as the ejector experiences unstart [21]. Thus, although

the supersonic and saturated supersonic solutions exist below this boundary demonstrated in Fig. 3,

these operating conditions are not valid and they are indicated with a red shaded area in Fig. 5 and

Fig. 7.

Concentrating on the operational parameters in case of the mixed flow patterns, distinct features can

be identified compared to supersonic and saturated supersonic flow patterns. First of all, the trends

of mass flow rate of wind tunnel stream (ṁ′′) and ratio of mass flow rates (µ) are drastically different
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Supersonic flow

M
ixed flow

Fig 6. Mass flow rate ratios (µ, colormapped) andmass flow rate (kg/s) of secondary stream (ṁ′′, labeled

isolines) with varying stagnation pressures (left) and temperatures for saturated supersonic operation

(right). The red and gray shaded areas indicate mixed and supersonic flow patterns respectively (left).

than that of the patterns. Accordingly, changing the ejector reservoir pressure alters the static pressure

conditions at section 4. Since the flow exiting the ejector nozzle is still supersonic, varying P4 values

only affect where the shock train of the primary stream breaks and the primary stream transitions to

subsonic conditions while not influencing the primary stream properties at the exit of the ejector nozzle

(section 2). Thus, the mass flow rate of the primary flow (ṁ′) and the exiting Mach number (M ′
2) are still

governed by the ejector reservoir pressure and the nozzle geometry. However, due to the fact that the

secondary stream is subsonic throughout the mixing chamber, the varying pressure values at section 4

influence the mass flow rate of air ejected from the wind tunnel (ṁ′′). Accordingly, both the mass flow

rate ratios (µ) and the mass flow rate of the wind tunnel stream (ṁ′′) becomes considerably dependent

on the value of P ′
0 with a directly proportional relationship where increasing P ′

0 allows more mass to be

ejected from the wind tunnel. This is achieved as increasing P ′
0 causes the P4 andM4 to increase which

demands higher momentum at section 2 from the secondary stream at P ′′
0 to be provided in order to

satisfy the momentum balance between section 4 and section 2. Thus, the mass flow rate of the ejector

stream and the corresponding mas flow rate ratios increase in a coupled sense.

w

Fig 7. Mass flow rate ratios (µ, colormapped) and mass flow rate (kg/s) of secondary stream (ṁ′′,

labeled isolines) with varying stagnation pressures (left) and temperatures for mixed operation (right).

The gray shaded areas indicate saturated supersonic flow pattern (left).
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Moreover, varying stagnation temperature of the wind tunnel stream alters the mass flow rate of the

secondary stream where increasing temperature reduces ṁ′′ due to the inversely proportional quadratic

relationship between T ′′
0 and ṁ′′ (Fig.7). As the operating Mach number of the wind tunnel is aimed to

be reduced, the expansion from the stagnation conditions yields higher static temperatures within the

test section in comparison to operation at Mach 6. Hence, heating requirements of the dry air supply

for preventing condensation are relaxed and the corresponding confinement of the operating regime to

lower mass flow rate values will be avoided.

Due to the fact that the desired modifications on the operational range of VKI-H3 wind tunnel require

an increase of the mass flow rate through the test section, the strict limitations of the supersonic ejector

operation are analyzed to determine the maximum allowable mass flow rate that can be accommodated

within the facility. Accordingly, the supersonic flow regime is identified as the most suitable candidate for

operating the ejector in order to achieve the desiredmass flow rates without overloading the aerodynamic

and structural capabilities of the system. Thus, the stagnation pressure of both streams (wind tunnel

and ejector) is required to be adjusted accordingly to ensure the operation with supersonic flow patterns

throughout the mixing chamber of the exhaust system. Once these conditions can be established, the

performed analysis provides the maximum allowable mass flow which can be ejected from the wind tun-

nel as the supersonic operation regime considering the pressure setting of the ejector stream stagnation

conditions shall be adjusted accordingly. Nevertheless, in order for this condition to be ensured, the op-

erating conditions for the mixed regime shall be determined as well to make sure the pressure settings

for the ejector reservoir are safely above the transition region. Fig. 5 shows the pressure values of the

ejector and wind tunnel stream reservoir relative to the atmospheric exhaust pressure which correspond

to the supersonic operating conditions through which the maximum allowable mass flow can be ejected

from the wind tunnel ṁ′′=1.8 kg/s which is utilized as the main design constraint in the following sections

regarding the nozzle design.
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Fig 8. Tolerable nozzle throat diameter d∗ (mm) for a given mass flow rate of 1.8kg/s (left). Free-stream

unit Reynolds number (right).

2.2. Wind tunnel operational range

The former considerations on the maximum allowable nozzle mass flow rate through the supersonic

ejector (1.8kg/s) yield the maximum nozzle throat diameter for any theoretical stagnation pressure and

stagnation temperature (Fig. 8, left). On the one hand, the stagnation pressure has a large influence

on the tolerable nozzle throat dimensions to achieve a given mass flow rate. The selection of a design

stagnation pressure will therefore be governed by the desired nozzle exit diameter. Nevertheless, the

stagnation temperature requirements are relaxed with respect to the current tunnel operation at Mach 6

because the flow expansion is less severe and the risk of flow condensation therefore limited. Literature

results show that stagnation temperatures on the order of 400K will be enough to conservatively avoid

dry air condensation in the test section when expanded to Mach 5. The corresponding operational map
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of the tunnel at Mach 5 is depicted in Fig.8 (right). The maximum operating pressure threshold indicated

in this figure corresponds to the maximum pressure that can be delivered at the inlet of the nozzle. In

practice, lower stagnation pressures will be required to moderate the mass flow rates through the nozzle

and ensure compatibility with the supersonic ejector specifications.

3. Design of the new Mach 5 contoured nozzle

3.1. Design methodology

The inviscid nozzle design is first obtained using the method of characteristics implemented within the

HYPNOZE code [22] that follows Sivell’s methodology [23] . A viscous correction is applied to account

for the influence of the boundary layers that develop along the nozzle wall and influence the area ratio

of the nozzle. Given the large growth rate of the boundary layer, the nozzle length is cut-off at a location

where the inviscid core diameter is the largest [24, 25]. A first evaluation of the viscous effects is achieved

based on an empirical correlation [26] and enables parametric studies to be performed (varying design

parameters such as the nozzle throat diameter, nozzle throat curvature radius, nozzle maximum opening

angle, and nozzle transition length as indicated in Fig. 9). Once a suitable set of design parameters is

identified (satisfying the different requirements and dimensional constraints associated with the existing

framework of the H3 wind tunnel), an improved viscous correction is obtained through the use of a

Navier-stokes flow solver. The numerical results also serve to determine the expected flow uniformity

within the test core flow, along both axial and radial directions.
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Fig 9. Main design parameters considered in this study.

3.2. Inviscid design

The design parameters of the nozzle throat radius (d∗), the ratio of nozzle throat curvature to nozzle

throat radius (R = Rc/r
∗), the nozzle maximum opening angle (ω) and the nozzle transition length

(XBC) are varied within the ranges of 20 < d∗ < 30mm, 5 < R < 30mm, 6 < ω < 10◦ and 3 < XBC < 6
mm. Going for a large value of R eases the accurate machining of the throat region (Fig. 10), but also

elongates the overall nozzle. Although the influence on the latter is rather weak, the whole inviscid nozzle

length increases by 25 mm for the extreme R values considered here. For the following investigations,

this parameter R was therefore frozen to R = 10 which reduces the design space.

Results of the parametric studies are presented in Fig. 11 as the distance XBC and the opening angle

of the nozzle are varied. Emphasis is placed on the analysis of the optimized core diameter, nozzle

exit diameter and nozzle length. Results are limited to one throat diameter (namely d∗ = 29mm) with

stagnation flow conditions (namely p0=1.349MPa and T0=400K) selected so that the nozzle mass flow

rate is compatible with the supersonic ejector specifications. In these figures, blanked areas correspond

to sets of design parameters (typically large XBC together with large ω) that did not yield a satisfactory
design point. Hatched regions correspond to design parameters that exceed one or several design

constraints (minimum/maximum nozzle length, maximum exit diameter, minimum core flow diameter,

minimum length XBC). Suitable sets of design parameters are then easily identified. Increasing the

transition length XBC elongates the nozzle, reduces the optimized core flow diameter (as a result of the
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Fig 10. Influence of the nozzle throat curvature radius Rc = R× r∗ on the initial divergent section of the
nozzle (downstream contours not plotted).

thicker boundary layers along the contour) and requires slightly larger nozzle exit diameters (again due

to thicker boundary layers). Relying on larger nozzle opening angles has the opposite effects, namely

requiring shorter nozzles with correspondingly thinner boundary layers which enable larger core flow

diameters and smaller nozzle exit diameters. Shallower nozzles are known however to yield better flow

quality [27] so this design parameter should be minimized.
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Fig 11. Results of parametric studies (nozzle core flow diameter (left), nozzle core flow diameter (middle)

and nozzle exit diameter (right)) showing the variation of nozzle characteristic lengths (after nozzle cut-

off) as a function of the transition length XBC and the nozzle opening angle ω. The selected set of

design parameters for the new VKI H3 Mach 5 nozzle is indicated with a •◦ symbol.

Parametric studies show that for a throat diameter of 29mm, a suitable set of design parameters can

be found while meeting the different design constraints (minimum/maximum nozzle length, maximum

nozzle exit diameter, minimum core flow diameter). One specific set of design parameters correspond-

ing to (P0=1349 kPa, T0=400 K, nozzle throat radius=29mm, nozzle throat curvature ratio=10, opening

nozzle angle= 8.5◦, and transition length=3.5) satisfies the design requirements. The moderate opening

angle of the nozzle is expected to benefit the flow uniformity by the nozzle exit. The moderate transition

length is favorable for both the nozzle length and the core flow diameter. The latter being conservatively

estimated by the empirical correlation, it promises for even larger uniform core flow diameters. A sub-

sonic convergent part is then appended to the nozzle, using a 5th order polynomial, matching first and

second derivatives at the inlet and near the throat. The first and second derivatives of the contour are

then continuous all along the nozzle, satisfying the usual nozzle design recommendations for improved
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flow quality.

3.3. Improved viscous correction

The selected set of design parameters identified in the previous parametric study enables the definition

of initial inviscid and viscous contours. Navier-Stokes computations are then performed on the vis-

cous contour in order to improve the accuracy of the viscous correction following an iterative approach.

The viscous contour obtained from HYPNOZE is used at first. The corresponding boundary layer dis-

placement thickness is determined along the contour and added to the original inviscid contour issued

by HYPNOZE. Another Navier-Stokes computation is then performed on this updated viscous contour.

The procedure is repeated until convergence is achieved on the nozzle displacement thickness.

Fig 12. Mach number contours across the nozzle. Upper-half: HYPNOZE predictions. Lower-half:

Navier-Stokes predictions.

Stagnation flow conditions at the inlet of the nozzle match the ones used during the HYPNOZE design.

Boundary layers are assumed to be fully turbulent where the turbulence is modelled by means of k − ω
turbulence model. The k − ω SST turbulence model is used. The wall surface temperature is assumed

to be isothermal with Tw=300K. This is a realistic assumption in the divergent part of the nozzle owing to

the moderate test duration that will be achieved experimentally (closer to the throat, surface temperature

changes about 55K may be expected after 10s run duration). Accounting for a more realistic surface

temperature distribution is expected to have a negligible influence on the nozzle flow expansion, due to

both the moderate expected temperature changes and the relatively thin boundary layers with respect

to the inviscid core flow dimensions. Mach number contours within the nozzle and demonstrate the

excellent agreement obtained between HYPNOZE predictions and the Navier-Stokes results (Fig. 12).

The resulting boundary layer characteristics are shown in Fig. 13.

3.4. Expected nozzle flow uniformity

The Navier-Stokes predictions also serve to estimate the expected nozzle flow uniformity, both along

and across the nozzle flow. The flow uniformity along the nozzle centerline (from the theoretical apex of

the core flow to the non-optimized full nozzle length) is summarized in Tab. 1. The flow static pressure

uniformity is better than 0.8% anywhere along the test rhombus (0.573m< x <0.930m) and it further

improves approaching the nozzle exit (within 0.1% (95%C.L.) for 0.780m< x <0.930m). Similarly, the
Mach number scatter along the whole test rhombus is about 0.14% and further improves to 0.02%

(95%C.L.) of the targeted Mach number for 0.780m< x <0.930m).
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Fig 13. Boundary layer thickness δ (based on 99.5% of the total flow enthalpy) and displacement thick-

ness δ∗ along the nozzle contour (for p0=1.349MPa and T0=400K).

Detailed comparisons for the flow Mach number and static temperature all along the nozzle centerline

are provided in Fig. 14. An excellent agreement is achieved between HYPNOZE and Navier-Stokes.

The free-stream static temperature is about 66.8K, which is well above the saturation temperature of

the air at the corresponding static pressure. This indicates that the flow will be condensation-free when

operated at the selected stagnation flow conditions. The radial flow uniformity is also excellent with

variations falling below 0.3% for a 2-sigma confidence level (Tab. 2). The predicted flow angularity is

negligible (-0.01◦) across the jet. At this location, the inviscid core flow has a diameter of 130mm. Mach

number profiles and flow angularity for x =780mm are shown in Fig. ??, which indicate a very uniform

and parallel flow in this plane.

(a) Mach number.

(HYPNOZE)

(b) Static temperature.

Fig 14. Comparison of flow properties along the nozzle centerline as determined by the HYPNOZE

design tool and by means of CFD simulations.

The nozzle may be truncated at a length corresponding to the maximum core flow diameter with respect

to the boundary layer edge radial location. This occurs at x =780mm from the nozzle throat. Beyond

this location, the growth rate of the boundary layer would lead to a reduction of the useful test rhombus.

Overall, the selected design for the new Mach 5 contoured nozzle fulfills all technical design criteria and
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Table 1. Expected axial flow uniformity (x=0.573 to 0.930m)

1.96σ
Quantity mean value along test rhombus

(95%C.L.)

%

p∞ 2563.4Pa ±20.6Pa ±0.80%

T∞ 66.77K ±0.15K ±0.23%

ρ∞ 0.134kg/m3 ±0.001kg/m3 ±0.57%

u∞ 818.5m/s ±0.2m/s ±0.02%

M∞ 5.00 ±0.007 ±0.14%

Table 2. Expected radial flow uniformity in the plane x=780.0mm

mean value across inviscid core 1.96σ
Quantity

(for x=780.0mm) (95%C.L.)

%

p∞ 2565.0Pa ±7.4Pa ±0.29%

T∞ 66.79K ±0.20K ±0.31%

ρ∞ 0.134kg/m3 ±0.000kg/m3 ±0.30%

u∞ 818.4m/s ±0.6m/s ±0.07%

M∞ 5.00 ±0.011 ±0.22%

θ -0.01◦ ±0.03◦

meets the targeted flow uniformity requirements. The excellent agreement between the HYPNOZE the-

oretical design and the numerical results also demonstrates that the nozzle flow expansion is free from

any disturbance. It is predicted to yield a uniform test rhombus of 130mm diameter by the nozzle exit.

The nozzle is currently undergoing the technical design phase and its manufacturing will follow.

Fig 15. Radial flow Mach number (left) and angularity (right) across the nozzle at x =780mm from the

throat.
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4. Conclusions
The operational range of VKI H3 hypersonic wind tunnel is extended towards lower speed operation at

Mach 5 from Mach 6. This requires a geometric modification of the contoured axisymmetric nozzle for

which the capabilities of the other components comprising the operational structure of the wind tunnel

are investigated. Accordingly, a major limitation for desired design specifications is observed to be

associated with the maximum allowable mass flow rate through the wind tunnel whose extraction from

the facility is governed by the performance of the supersonic ejector. Hence, operational range of the

available ejector and the maximum mass flow rate that can be accommodated within the wind tunnel

is characterized for different operational conditions which provides the final design constraints of the

new nozzle. Then, a new contoured axisymmetric Mach 5 nozzle is designed utilizing a method of

characteristics based in-house code referred to as HYPNOZE. The provided inviscid contours for the new

nozzle are optimized via a parametric study, investigating the entire operational space of the wind tunnel.

The optimum design parameters are identified to meet the requirements of the desired modifications

enabling operation at high Reynolds numbers. Finally, viscous high fidelity simulations are employed

to optimize the boundary layer accommodation through the contours of the nozzle and, to serve as an

estimate of the expected quality and uniformity of the core flow.
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