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An assessment of the hypersonic Ludwieg tube of Delft University of Technology is given. The facility is described

theoretically, and an experimental evaluation is performed to infer the facility performance. Experiments are

performed using conventional techniques such as static and total head pressuremeasurements andFay–Riddell heat

flux evaluations by means of infrared thermography. Furthermore, particle image velocimetry is used to deduce

nozzle boundary-layer parameters aswell as the freestreamvelocityfield and the static and total temperatures for the

Mach 7 nozzle. For the Mach 9 nozzle, stagnation heat flux measurements are performed to obtain the total

temperature of the flow. The freestream values were determined experimentally in two different ways and the results

showed good agreement. The application of particle image velocimetry allows the freestream flowfield to be directly

obtained and gives a directmeasure for the flowfield uniformity (0.2%) and repeatability (0.4%). The static and total

temperatures calculated from the particle image velocimetry results showed that there is a large mismatch between

the theoretical total temperature and measured total temperature, which is attributed to heat losses present in the

throat and nozzle.

Nomenclature

A = cross section, m2

a = speed of sound, m=s
ch = Stanton number based on �Tt � Tw�
cp = heat capacity, J=�kgK�
d, D = diameter, m
H = boundary-layer shape parameter
H, h = enthalpy, J=kg
L = length, m
M = Mach number
_P = expansion rate, s�1

p = pressure, bar
q = heat flux,W=m2

R = air gas constant, J=�kgK�
Re = Reynolds number
r = radius, m
St = Stanton number based on �Tt � Taw�
T = temperature, K
V, u, v = velocity, m=s
x = distance, m
� = air specific heat ratio
� = boundary-layer thickness, m
�� = boundary-layer displacement thickness, m
� = boundary-layer momentum-loss thickness, m
� = viscosity, kg=�ms�
� = density, kg=m3

� = nozzle half-angle, deg

Subscripts

aw = adiabatic wall
e = boundary-layer edge

p = pitot
s = static
t = total
w = wall
0 = storage-tube conditions
1 = reservoir conditions downstream

of expansion wave

Superscript

� = sonic condition

I. Introduction

T HE flow facility under study is the Hypersonic Test Facility
Delft (HTFD), which is a Ludwieg tube with a circular cross

section. The Ludwieg tube tunnel concept was first conceived by H.
Ludwieg [1] in 1955. Originally, Ludwieg designed the facility as a
low cost alternative for subsonic/transonic testing at high Reynolds
numbers. The advantage of a Ludwieg tube facility is the ability to
create a low-turbulence uniform freestream. Later it was used for
hypersonic applications [2,3]. The appeal of this kind of facility to the
hypersonic flow regime lies in the relatively long runtimes (0.1 to
0.2 s), large test section (30 cm) and highReynolds numbers (order of
5–50 � 106 m�1).

The HTFD was built to be a flexible hypersonic wind tunnel
capable of producing relatively high Reynolds numbers within a
range of Mach numbers. In addition the facility is designed such that
operating costs areminimized (energyandair usage).Thebasicwind-
tunnel design was made by Hyperschall Technologie Göttingen [4]
(HTG) in Germany. Sister facilities are in use at the HTG institute
itself and at the German University of Bremen. Other hypersonic
Ludwieg tubes are the facility at the Technical University of
Braunschweig [5] in Germany and the Boeing and U.S. Air Force
Office of Scientific Research Mach 6 Quiet Tunnel at Purdue
University [6]. The layout of the Bremen Ludwieg tube is similar to
the HTFD, whereas the Braunschweig Ludwieg tube uses a single
straight tube and has a larger test section. The Purdue University
facility has a slightly different setup, since it is specially developed for
boundary-layer transition research. The Delft, Braunschweig, and
Bremenwind tunnels have a fast-acting valve located upstreamof the
nozzle, whereas in the Purdue facility, a diaphragm is located
downstream of the test section. In the latter facility, boundary-layer
suction is applied at the throat to achieve a laminar boundary layer
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along the nozzle wall, which reduces the noise in the freestream.
However, this is at the cost of larger air usage (the whole test section
must be pressurized before the run) and the need of a larger vacuum
tank. Furthermore, thicker windows are needed towithstand the high
pressures, which makes optical access more difficult.

The measurement of freestream variables has always been
challenging in short-duration facilities and is normally performed by
means of pressure and temperature heatflux sensors in order to obtain
the freestream total pressure, total temperature, and Mach number.
Accurate determination of the freestream variables is needed to
obtain the Reynolds number and freestream enthalpy. These can be
obtained directly by measuring the static flow quantities. As an
example, the static pressure is normally obtained bymeasuring it on a
flat plate or cone; however, the value is extremely sensitive to any
modelmisalignmentwith respect to the freestream. As an alternative,
the total values can be used, which then also raises the need for an
accurate determination of the Mach number. The static or total
temperature is difficult to measure in short-duration facilities, due to
the thermal inertia of the probes that are used [7].

During the last two decades, particle image velocimetry has
become a standard measurement techniques in the subsonic flow
regime and, more recently, has also been applied to supersonic and
hypersonicflowfields. The issues related to the application of particle
imagevelocimetry (PIV) in high-speedflows such as recording speed
and tracer particle accuracy were addressed by Moraitis and
Riethmuller [8] andKompenhans and Höcker [9].With the advent of
fast interframe charge-coupled-device cameras, the digital version of
the technique was successfully applied in the supersonic and
hypersonic flow regimes [10–12].

This paper shows the potential of PIV for the calibration of theflow
facility. It enables a direct measurement of the freestream velocity
field, and through the energy equation, it allows for the calculation of
the freestream temperature and the direct nonintrusive measurement
of the nozzle-wall boundary layer. Furthermore, a description is given

of the operating principle of the Ludwieg tube. Theoretical estimates
are given for the runtime, total temperature, and total freestream
pressure. Measurements are performed to assess the performance of
the facility. Among the measurements are the determination of the
wind-tunnel nozzle boundary layer just upstream of the test section
and the total wind-tunnel runtime. An accurate determination of the
freestream characteristics (total temperature, total pressure, and
Mach number) is made for a specified calibration point, and the total
operating Mach Reynolds envelope is given. Finally, the effect and
limits of freestream condensation are addressed, which are pertinent
to these types of facilities.

II. Operating Principles of the Ludwieg Tube

The Ludwieg tube consists of four basic sections: storage tube,
nozzle, test section, and vacuum tank. The high pressure, high-
temperature storage tube is separated from the downstream part of
the tube consisting of a nozzle and test section by a fast-opening
valve (see Fig. 1). When the valve opens, air flows from the storage
tube through the nozzle into the test section. The expansion ratio of
the nozzle determines the Mach number in the test section.

The air used in the experiments is stored in the storage tube under
high pressure and high temperature. As a result of the opening of the
valve, an expansion wave travels into the storage tube. The flow
conditions behind the expansion wave act as storage-tube conditions
for the flow in the tunnel. Since the valve opening is relatively quick
[5], the expansion wave can be described by simple-wave theory
[13]. The flow velocity u1 in the tube can be obtained from

u1
a0
�M1

��
1� � � 1

2
M1

�
(1)

where

u1 �
2a1
� � 1

� 2a0
� � 1

along a downstream characteristic (see Fig. 2), a0 is the speed of
sound based on storage-tube conditions, and M1 is the resulting
Mach number in the storage tube.

Region 0 corresponds to the flow conditions in front of the
expansion wave, and region 1 corresponds to conditions behind the
expansionwave. The total temperature ratio over the expansionwave
may be derived as
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corresponding to a total pressure ratio by
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Fig. 1 Overview of the HTFD.
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Fig. 2 Operational principle of the Ludwieg tube.
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The total running time of the facility with constant storage-tube
conditions is governed by the time it takes before the reflected
expansion wave returns to the nozzle. It may be calculated as

t1 �
L

a0

2

1�M1

�
1� � � 1

2
M1

� ��1
2���1�

(4)

Finally, the Mach number of the flow downstream of the expansion
wave is determined by conservation of mass:

�
dtube
d�

�
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� 1
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�
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� � 1

�
1� � � 1

2
M2

1

�� ��1
2���1�

(5)

where the subscript � denotes the critical (sonic) diameter of the
throat section. The effects of freestream Mach number on the
variation of total quantities and runtime is given in Table 1. For
freestreamMach numbers less than 9, a tandem nozzle must be used
(see Sec. III, in which the first section consists of theMach 9 nozzle).
Therefore, only the results for Mach numbers 9 and higher are listed.
The table shows an increase in losses of total flow quantities and
runtime with decreasing Mach number when the Mach 9 case is the
most unfavorable. However, it is found that the total temperature loss
at the fast-opening valve dominates (see Sec. IV.A).

To prevent condensation in the freestream, the air is heated in the
storage tube. To increase the runtime of the tunnel and to reduce the
amount of energy required, only a section of the storage tube is
heated, which contains the air that is used during the run. The furthest
upstream location of a particle that can reach the valve within the
runtime (path DCE in Fig. 2) can be approximated by

�L�M1

a1 � u1
a0

2L (6)

For a total tube length of L� 29 m (see Table 2), a distance of
�L� 5:2 m results. Therefore, only the first 6 m of the hot tube are
heated. To reduce the total length of the facility, the storage tube is
divided into three sections consisting of the hot tube and cold tube
divided into two parts. The hot tube is connected by means of a bent
tube to the first cold-tube section that is located beneath the hot tube
and test section. The second cold tube is located next to and
connected to the first tube by a 180� bend (see Fig. 3). Since the hot
tube is positioned above the cold tube, the problem of convection is
minimized.

The temperature in the storage tube has a maximum of 773 K
(500�C), due to legislation issues. For high temperatures, the specific
heat ratio � is no longer constant, since the vibrational degree of free-
dom becomes important. ForT � 773 K the value for � � 1:36 [14],
which shows that variations in � are not important in considering the
flow process.

The discontinuity between the high- and low-temperature parts
may cause a reflection of the expansion wave unless special pre-
cautions are taken. The reflection can be mitigated by changing the

tube cross section accordingly, effectively keeping the mass flow
constant. Since the cross sections of the hot and cold parts are given
(see Table 2), the temperature should be set according to [4]

dhot
dcold

�
�
Tcold
Thot

�1
4

(7)

Hence, for a hot-tube temperature of Thot � 773 K, a cold-tube
temperature of Tcold � 375 K is needed.

In Fig. 4 a typical pressure variation in time in the storage tube is
given. The pressure transducer (Druck Limited PDCR 910 sensor
type) is located just upstream of the valve and measures the static
pressure (pressure sensor 1 in Fig. 5). Initially, the pressure is equal to
the storage-tube pressure, which is p0 � 99:8 bar in this case;
subsequently, the pressure drops due to the expansion wave to
approximately 83 bar. Since the sensor is flush-mounted with the
tube wall, the static pressure p1 is measured; however, since the
Mach number in the tube is low (see Table 1), this is practically equal
to the total pressure behind the expansionwavept;1. The rms pressure
fluctuation in the storage tube after the expansion wave has passed is
0.3 bar.

After approximately 25ms a small oscillation is detected, which is
caused by a partial reflection coming from the temperature/cross
section discontinuity. Progressing further in time, a slowpressure rise
is observed, which is attributed to the cold air that is heated under
constant volume when it enters the hot tube.

III. Nozzle Flow

The nozzle has a conical shapewith a 15� total opening angle. The
freestream Mach number is varied by changing the throat section.
Various throat sections are available (see Table 3). For the Mach 10

Table 1 Expansion-wave characteristics

M M1 Tt;1=T0 pt;1=p0 t1a0=L

9 0.09 0.97 0.89 1.94
10 0.05 0.98 0.93 1.96
11 0.03 0.99 0.95 1.97

Table 2 HTFD dimensions

Total length of storage tube Ltot � 29 m
Length of hot tube Lhot � 6 m
Length of cold tube Lcold � 23 m
Diameter of test section D� 350 mm
Diameter of hot tube Dhot � 49:25 mm
Diameter of cold tube Dcold � 59 mm

Connection bend between 
hot and first cold section

Connection bend between 
first cold and second cold 
section

Hot section

Second cold section

First cold section

Fig. 3 HTFD storage-tube layout.
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and 11 nozzles, freestream condensation could become a problem;
however, since the parts are available for the facility, they are
included in the discussion.

For Mach numbers larger than 9, the throat section directly
connects to the conical nozzle, and for smaller Mach numbers, an
extra throttle nozzle is needed. This is because the throat diameter is
limited by the smallest cross section present in the valve. If the throat
cross section is larger, sonic conditions in the throat cannot be
reached. The first part of the system is a Mach 9 nozzle that
accelerates the flow to supersonic speeds after which it is decelerated
to subsonic speeds through a number of shocks. The second throat
reaccelerates the flow to the desired Mach number (see Fig. 5).
Because of the shockwaves in the tandemnozzle, a total pressure loss
occurs, which can be quantified by considering the total pressure loss
over a normal shock wave:

pt;2
pt;1
�
�
d�1
d�2

�
2

(8)

In practice, pt;1 is the total pressure (downstream of the expansion
wave) in the storage tube andpt;2 equals the freestream total pressure.
The pressure in the settling chamber between the two throats
(pressure sensor 2 in Fig. 5) for a freestream Mach number of 7 is
measured (Druck Limited PDCR 910 sensor type), the measured
signal is indicated in Fig. 4. The measured local static pressure is
25	 1 bar. The total pressure is obtained using the local Mach
number that is calculated from the ratio of the local cross section
(diameter is 70mm)with respect to the throat cross section. The local
Mach number is 0.44; this in combination with the measured static
pressure results in a total pressure of pt;2 � 28:8	 1 bar. The
pressure ratio over the throttle nozzle now becomes pt;2=pt;1�
28:8=83:0� 0:347. The geometrical area ratio is �d�1=d�2 �2�
�19:35=34:3�2 � 0:318; this is slightly lower than the theoretical
value. Apparently, the flow in the tandem nozzle block has less total
pressure loss than is predicted by normal shock theory.

Downstream of the throat, the nozzle length is determined by the
throat-to-test-section area ratio and total opening angle (15�); for
Mach 7, this is 1.18 m. Theoretically, the area ratio determines the
freestream Mach number. However, in hypersonic facilities, the
displacement effect of the nozzle boundary layer can decrease the
area ratio, causing a lower freestream Mach number. Commonly,
estimates of the boundary-layer thickness are used to correct for these
deviations. To determine the boundary-layer thickness at the end of
thenozzle, PIVmeasurements [11,12]were performed for theMach7
nozzle. The measurement location is indicated in Fig. 6. A Quantel
CFR-PIV-200 Nd:YAG laser (200 mJ pulse energy, 7 ns pulse
duration, 532 nm wavelength) was used for illumination. The laser
sheet was introduced from the bottom optical access and reflected
toward the nozzle wall by means of a mirror that was located in the
cavity at the top of the test section. The particle imageswere recorded
by means of a PCO SensiCam QE camera (1376 � 1040 pixels,
12 bit) with a 105 mm Nikkor objective. TiO2 tracer particles were

used asflow seeding, having a nominal particle size of approximately
500 nm [12,15]. Since the optical access to the nozzle was limited,
only a single camera could be placed at a relatively large viewing
angle with respect to the illuminated plane (greater than 45

�
).

Although the velocity is less accurate, the relative values still
enable a boundary-layer profile to be extracted, to infer the integral
boundary-layer quantities. The extracted profile is shown in Fig. 7
with a seventh-order polynomial linefit. The compressible boundary-
layer integral quantities were obtained using the turbulent Crocco–
Busemann relation relating the velocity profile to the density
distribution [16].

A displacement thickness of �� � 11 mmwas obtained; the rest of
the boundary parameters are given in Table 4. In Lukasiewicz [17]
an empirical correlation is given for the variation of displacement
thickness with the Reynolds number based on the reference
temperature:

��

x
� 0:42Re�0:2775ref (9)

When the above correlation is applied to the Mach 7 nozzle for
pt � 28 bar and Tt � 579 K, a displacement thickness of �� �
12 mm results. This agrees well with the measured value of
�� � 11 mm. The boundary-layer displacement thickness introduces
a reduction in the actual area ratio from 104.1 to 85.8, resulting in a
Mach number decrease from 7 to 6.7 (see Table 5). This also affects
the maximum divergence encountered in the freestream, which
decreases from 7.5 to 7.0�.

IV. Freestream Assessment

When the flow enters the test section it continues diverging, due to
the outflow from the conical nozzle. Therefore, the flow will expand
further and the Mach number in the test section will be higher than
that obtained from the theoretical area ratio. For the Mach 7 nozzle,
the theoretical Mach number in the test section is computed as
M1;theory � 7:7. After correcting for the boundary-layer displace-
ment thickness, this isM1;cor � 7:5. The local Mach number varia-
tion due to the conicalflowfield in the center of the test sectionmay be
calculated by

dM

dx
�

2M�1� ��1
2
M2�

M2 � 1

tan�

r
(10)

where � is the nozzle half-angle corrected for the boundary-layer
displacement effect and r is the test-section radius, which is ob-
tained from the Mach area-ratio relation. For M � 7:5 and �� 7�,
dM=dx� 0:023 cm�1. For a typical model having a length of
L� 10 cm, a �M� 0:23 results. Since the test section has a
cylindrical shape, a shock wave is formed at the nozzle test-section
junction (Fig. 6). ForM� 6:7 (Mach number at the location of the
nozzle test-section junction) and a compression angle of �� 7�, a
shock with an angle of �� 14� with respect to the freestream is
formed, and the shock anglewith respect to the test-sectionwall is 7�.

In Fig. 8 an overview of the vertical component of the freestream
flowfield in the test section is shown. The freestream part of the flow
was measured using PIVat the location shown in Fig. 6. To visualize
the junction shock, the camera was oriented under a large angle with
respect to the illuminated plane, requiring a stereo PIV setup. The
two component PIVimageswere recorded using two PCOSensiCam

Piston Throttle nozzle M = 9 Nozzle inserts M = 6 - 8

Settling chamber ShockPressure sensor 1 Pressure sensor 2

M > 1 M < 1

Piston housing

Fig. 5 HTFD tandem nozzle block.

Table 3 Throat diameters for the HTFD

M 6 7 8 9 10 11

d�, mm 48.0 34.3 25.38 19.35 15.12 12.06
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QE cameras with 50 mm Nikkor objectives with f8. The stereo PIV
recordings were performed using four LaVision Imager ProX
cameras (2048 � 2048 pixels, 14 bit) with 60 mmNikkor objectives
and f8. The laser and seeding was the same as used for the nozzle
boundary-layer measurement.

The black circle in Fig. 8 shows the outline of the windows. By
plotting the vertical velocity component, the junction shocks are
clearly visualized. The shock at the bottomhas an angle of 9�, and the
angle at the top is 10�. The difference in shock angle between the
upper and lower parts of the test section is caused by the presence of a
considerably larger cavity at the top, accommodating the model
support system. It is thought that the large cavity has a considerable
effect on the flow, causing a larger shock angle. However, it has no

influence on the freestream flow: in the center of the test section, a
region of 200 � 200 mm2 of undisturbed flow is observed.

The flow divergence caused by the conical nozzle is also clearly
measured. A profile of the vertical flow component in the center of
the test section is plotted in Fig. 9. The vertical component varies
from�60 to�60 m=s over a distance of 200mm.This complieswell
with the theoretical divergence corresponding to a total opening
angle of 14�, as indicated in Fig. 9.

A profile of the average total velocity magnitude in the center of
the test section is given in Fig. 10. The mean velocity is 1033 m=s
and the data show a uniformity of 0.2% (rms fluctuations within a
single velocityfield) and a repeatability of 0.4% (rmsfluctuationwith
different realizations). In Fig. 11 the freestream velocity at the
centerline of the test section is given; the increase in velocity with
downstream distance is caused by the diverging flow.

A. Temperature Determination

Since the freestream velocity and Mach number are known, it is
possible to deduce the static and total temperature. In hypersonic
short-duration facilities, these two quantities are notoriously difficult
to determine. However, from the definition of the Mach number, the
static temperature can be directly determined:

y
Boundary layer 
measurement

Free stream 
measurement

Outline of 
optical access

Shock from nozzle-
test section junction

Static pressure 
orifices

Total head 
pressure probes

Bottom optical access

V x

Fig. 6 Side view of the nozzle leading to the test section and test section including the measurement locations.
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Fig. 7 Boundary-layer profile at the end of the conical Mach 7 nozzle.

Table 4 Boundary-layer parameters for

the Mach 7 nozzle flow

Unit Reynolds number Re=m� 16:2 � 106 m�1

95% boundary-layer thickness �95 � 13 mm
Displacement thickness �� � 11 mm
Momentum-loss thickness �� 0:63 mm
Shape parameter H � 18

Table 5 Impact of the boundary layer on nominal

wind-tunnel operating conditions

Geometrical cross section �A=A��geo � 104:1
Theoretical Mach number Mtheory � 7

Corrected cross section �A=A��cor � 85:8
Corrected Mach number Mcor � 6:7

Fig. 8 Vertical velocity component of the freestream flow for the

Mach 7 nozzle; measurement location corresponds to the region

indicated in Fig. 6.
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T � �jVj=M�
2

�R
(11)

The total temperature can now be calculated from the energy
equation:

Tt � T �
jVj2
2cp

(12)

The resulting static and total temperatures are given in Table 6.
For the determination of the temperatures, the average velocity in
the center of the test section is taken in combination with the
Mach number that results from the area ratio with boundary-layer
correction and pressure measurements (Sec. IV.B).

A discrepancy is observed between the total temperature obtained
from Eqs. (11) and (12) and the storage temperature. In Fig. 12 the
measured freestream velocity is given by the solid line as a function
of the storage-tube temperature, and the dotted line corresponds to
the freestream velocity for a fully adiabatic flow, where the total
temperature loss over the expansion wave [Eq. (2)] is taken into
account. There is a 10% difference between the measured and
theoretical velocity. It is thought that losses because of heat transfer
in the valve and tandem nozzle are responsible for this.

B. Pressure Measurements

The freestream Mach number and total pressure are alternatively
evaluated by means of pressure measurements. Static pressure mea-
surements in the nozzle are performed in combination with pitot
tube measurements in the test section using Invensys SCX150AN
pressure sensors. The pitot tube formula correlates themeasured pitot
pressure pt;p to the total pressure pt;1 and the local Mach numberMp

(at the position of the pitot tube):

pt;p
pt;1
�
�

� � 1

2�M2
p � �� � 1�

� 1
��1
� �� � 1�M2

p

�� � 1�M2
p � 2

� �
��1

(13)

The static pressure measurements ps also correlate the total pressure
(which is considered to be constant throughout the nozzle and test
section) and the local Mach numberMs:

pt;1
p
�
�
1� � � 1

2
M2
s

� �
��1

(14)

To be able to solve the two equations, it is assumed that the flow
divergence is equal to the inviscid case corrected for the boundary-
layer displacement thickness. Now the local Mach number at the
location of the static pressure orifices in the nozzlewall can be related
to theMach number at the pitot tubes using the nozzle opening angle
and the distance �x between the static pressure orifices and pitot
tubes. From geometry relations, it follows that
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Fig. 9 Flowdivergence in the test section for theMach 7nozzle; vertical

velocity gradient is shown.
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Table 6 Freestream temperature

for the Mach 7 nozzle

Freestream velocity jVj � 1033 m=s
Free static temperature T � 47 K
Free total temperature Tt � 579 K
Free total enthalpy H1 � 0:58 MJ
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Fig. 12 Variation of measured and theoretical freestream velocity with

storage-tube temperature for the Mach 7 nozzle.
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As
A�
�
�
r�

������������������
�Ap=A��

p
��x tan�

r�

�
2

(15)

where the local Mach number is related to the local cross section by
the Mach area-ratio relation. Finally, the equations are solved for pt
andMr.

In the measurements, static pressure taps were installed at 95, 295,
and 495 mm from the nozzle test-section junction (see Fig. 6).
Simultaneously, a pitot probewas installed in the test section, located
300 mm downstream of the junction. In the current procedure, three
static pressure signals are used in combination with two pitot
pressure signals in the optimization for finding pt and Mp. For the
pressure signals given in Fig. 13, the following average values are
obtained:Mp � 7:5	 0:1 and pt � 27:9	 1 bar (see also Table 7).

C. Stagnation Heat Flux Measurements

To determine the freestream temperature for the nozzle setup
without the tandem nozzle configuration, the stagnation heat flux on
a 50-mm-radius sphere cylinder was measured by means of infrared
thermography. Because of the presence of seeding particles in the
flow, condensation occurred for the M � 9 nozzle, which prevents
the static and total temperatures from being determined by means of
PIV. The thermogramswere obtained using anAgemaThermovision
880 long-wave-band infrared scanner (20 mK noise equivalent
temperature difference) modified to work at 2.5 kHz in line-scan
mode. In Fig. 14 the heat flux variation in time is shown for different
Reynolds numbers (total pressures).

The horizontal lines in Fig. 14 are the theoretical values obtained
using the Fay–Riddell stagnation-point heat transfer correlation [18].
The temperature difference used to compute ch in Fig. 12 is Tt � Tw,
since the adiabatic-wall temperature is difficult to obtain accurately
within such short runtimes. Therefore, the Fay–Riddell Stanton
number was also normalized using Tt � Tw:

ch � St
Tt � Taw
Tt � Tw

(16)

The total temperature was varied to fit the Fay–Riddell results to the
measured heat flux. The best agreement was found for Tt � 585 K,
which corresponds well to the total temperature for the M � 7
nozzle. The total temperature measured is marginally higher than for
theM� 7 nozzle which was 579 K. This is attributed to the fact that

no tandemnozzle is required, thus reducing the amount of heat lost in
the process.

D. Comparison Between Predictions and Measured Results

Thewind tunnel was extensively operated with the Mach 7 nozzle
at a storage-tube pressure of 100 bar and a storage temperature of
773 K. The displacement effect of the boundary layer was measured
and the effect on the freestream Mach number was evaluated.
Simultaneously, theMach number was obtained from static and pitot
tube measurements (Sec. IV). Both evaluations agreed on a test-
section Mach number of M� 7:5. The total pressure was inferred
from the static pitot pressure measurements and the pressure
measured just upstream of the second throat; the result was a total
pressure of pt � 27:9 bar (Sec. III). The freestream velocity was
used to calculate the freestream total temperature Tt � 579 K. In the
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Fig. 13 Static and pitot pressure variation in time for the Mach 7 nozzle.

Table 7 Average measured pressure with the resulting

Mach number and total pressure

ps;1, bar ps;2, bar ps;3, bar pp;1, bar pp;2, bar M pt, bar

0.0100 0.0156 0.0273 0.3123 0.3197 7.5 27.9
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Fig. 14 Measured stagnation-point heat transfer compared with Fay–

Riddell correlation results.

Table 8 Overview of methods to assess the freestream

characteristics of the HTFD at a storage pressure of

100 bar and storage temperature of 773 K

Measurement method Value

Mach numberM
Theory with boundary-layer correction 7:5	 0:1
Static pitot pressure measurement 7:5	 0:1

Total pressure pt, bar
Pressure upstream of the throat 28:6	 1
Static pitot pressure measurement 27:9	 1

Total temperature Tt, K
Velocity by means of PIV inM� 7 nozzle 579
Fay–Riddell evaluation inM � 9 nozzle 585
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case of the Mach 9 nozzle, a total temperature of Tt � 585 was
obtained by means of Fay–Riddell evaluations. For an overview of
the methods used to determine the freestream variables, see Table 8.

E. Operational Envelope

The freestream characteristics for the Mach 7 nozzle are used to
establish theMach Reynolds operational envelope of the HTFD. The
freestream Mach number is obtained from the theoretical area ratio
corrected for the displacement effect of the nozzle boundary layer.
Equation (9) is used in combinationwith the conditions of theMach 7
nozzle and a total pressure of 28 bar in order to obtain the dis-
placement thickness at other Mach numbers and total pressures:

��

����M7

�
�

Reref
�Reref�M7

��0:2775
(17)

The maximum total pressure is determined by the maximum
allowable pressure in the storage tube and the losseswhen the tandem
nozzle is installed. The minimum pressure is determined by the
pressure ratio needed to operate the tunnel at the givenMach number.
The total temperature is Tt � 585 K without the tandem nozzle and
Tt � 579 K with the tandem nozzle installed.

The freestream total quantities as well as Mach and unit Reynolds
number for different nozzle geometries are given in Table 9 and in
Fig. 15. The total temperature is fixed at the maximum allowed to
prevent condensation issues; however, for the lower Mach numbers
(M� 6 and 7 nozzles), the temperature could be reduced to achieve
a higher Reynolds number. As can be observed, the unit Reynolds
number increases with the freestream Mach number up to the
Mach 9 nozzle; this is because the pressure loss in the tandem nozzle
decreases. For the Mach 10 nozzle, the unit Reynolds number
decreases, as expected from theory.

F. Condensation

Since the freestream static temperature is relatively low, it should
be carefully verified that the flow is not affected by condensation
effects. In general, two types of condensation processes are possible:
heterogeneous condensation, which behaves like equilibrium con-
densation, and spontaneous condensation, for which supercooling
is possible. Heterogeneous condensation is characterized by the
process with which the degree of CO2 and H2O content in air is
sufficient to cause condensation of nitrogen and oxygen around the
existing nuclei. Spontaneous condensation is characterized by the
nucleation of nitrogenmolecules, which then act as nuclei for the rest
of the nitrogen and oxygen. The spontaneous-condensation process

is governed by the ratio of expansion rate to static pressure, _P=p [19],
which indicates the possible amount of supercooling. For the HTFD
freestream, this quantity is given by

_P

p
�

�����������
�RTt
p

pt

2�M4

M2 � 1

r tan�

r�2
(18)

where _P���1=p��dp=dt�, r is the local radius, and r� is the throat
radius. In case _P=p is smaller than about 0:1–1 s�1 mbar�1, little or
no supercooling is expected, since the process is dominated by

heterogeneous condensation. For HTFD the value of _P=p is around
3–50 s�1 �mbar��1, where the high values are obtained for the higher
Mach numbers. From this, it can be concluded that the condensation
process is dominated by spontaneous condensation and super-
saturated conditions can be achieved.

In Fig. 16 a pressure–temperature diagram is given in which data
are depicted for condensation onset in hypersonic facilities [19]. In
thefigure, themean onset of nitrogen as obtained fromexperiments is
also shown. In general, the expansion rate decreases with increasing
nozzle size; therefore, the amount of supercooling for large facilities
is reduced, resulting in an earlier condensation onset [17]. For low
static pressures (
1 mbar), the seeding effects of CO2 and H2O are
negligible and spontaneous condensation dominates the process. The
black dots indicate the HTFD static conditions at different Mach
numbers. For theM� 7 nozzle, the static conditions are still within
the equilibrium condensation limits forN2. At higherMach numbers,
static temperatures are achieved for which equilibrium condensation
would occur. However, previous experience with theM � 9 nozzle
also shows that this configuration achieves a freestream without
condensation. Additionally, it may be remarked that the Purdue
and Braunschweig facilities operate under similar relatively low-
stagnation conditions in which also supercooling has been observed.

Table 9 Freestream total quantities for

different nozzles and total pressures

M pt, bar Tt, K Re=m � 106, m�1

M� 6 nozzle

6.4 2.8 579 1.61
6.5 14.3 579 7.90

M� 7 nozzle

7.4 5.4 579 2.22
7.5 28.0 579 11.05

M� 8 nozzle

8.4 10.0 579 3.07
8.5 51.2 579 15.08

M� 9 nozzle

9.4 20 585 4.65
9.5 88 585 19.70

M� 10 nozzle
10.3 20 585 3.76
10.5 88 585 15.85
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Fig. 15 Operational Mach Reynolds envelope.
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V. Conclusions

The layout and working principle of the Hypersonic Test Facility
Delft (HTFD) has been given. The facility has a running time of
approximately 100 ms and can operate at a range of Mach numbers.
The performance of the facility was verified against theory by means
of pressure measurements, velocity measurements by means of PIV,
and infrared thermography.

For theM� 7 nozzle, the freestreamMach number, total pressure,
and total temperature were all determined in two independent ways.
The nozzle boundary-layer displacement thickness wasmeasured by
means of PIVand used to correct the geometrical cross section for the
determination of the freestream Mach number. Additionally, it was
also inferred from static pressure measurements at the nozzle wall in
combination with pitot pressure measurements in the test section.
These measurements also allowed the total freestream pressure to be
obtained. It was found that this matched the total pressure measured
in the tandem nozzle. The total and static temperature was obtained
from PIV velocitymeasurements for theM� 7 nozzle. In the case of
the M� 9 nozzle, the total temperature was obtained using Fay–
Riddell evaluation. Furthermore, the application of PIValso allowed
to infer the freestream uniformity and repeatability.

It was shown that the experimental achievements as obtained by
the mechanical quantities pressure and Mach number met the
predicted theoretical expectations. However, the temperature did not
come off as favorable. The total temperature obtained from the PIV
velocity measurements and the Mach number using the Mach area-
ratio relation was 579 K, and the expected temperature was 750 K.
This deficiency may be attributed to the large unknown heat transfer
at the passage of the flow from the storage tube via the complex
mechanism containing the fast-acting valve to the nozzle. This aspect
is possibly addressed unsatisfactorily in the literature of facilities
similar to the present one.

Using the freestream characteristics for the Mach 7 nozzle, a
Mach Reynolds envelope was established ranging fromM� 6:5 to
10.5 with unit Reynolds numbers ranging from Re=m� 1:61 � 106

atM� 6:5 until Re=m� 19:70 � 106 atM� 9:5.
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