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ABSTRACT

Two new, longer duration, modes of operation for Lud-
wieg Tunnels have been implemented in the Oxford High
Density Tunnel (HDT): Extended Ludwieg Mode (ELM) and
Plenum Augmented Ludwieg Mode (PALM). In standard
Ludwieg Tunnel operation, the duration of the steady test
time is limited by the return of the rarefaction wave to the fa-
cility nozzle throat. Operation in ELM extends the rarefaction
wave such that the tail is generated as the head returns and
results in a steady decrease in supply pressure. PALM takes
advantage of the dual-throat arrangement of the HDT, which
features a plenum region between the facility barrel and the
nozzle throat, and tailors plug valve opening to produce a
steady supply pressure to the facility nozzle at the expense
of total pressure capability. This paper describes the theory
of operation of these new modes, their implementation in the
existing Oxford High Density Tunnel and presents transient
quasi-1D numerical simulations confirming their principles
of operation. It then presents experimental results from ini-
tial testing of the HDT in the new modes. These results
demonstrate a successful implementation of ELM, producing
a test flow that is over fifteen times longer, but of comparable
steadiness to a Mach 7 Ludwieg Mode plateau in the Oxford
HDT. PALM was implemented with partial success, result-
ing in a test flow that is both ten times the duration of, and
significantly steadier (for supply pressure and unit Reynolds
number), than a Ludwieg Mode plateau. Thus, the implemen-
tation of ELM and PALM significantly expand the capability
of the facility to investigate long duration flow phenomena.

Index Terms— Ground testing, Low enthalpy, Ludwieg
Tunnel, Test time, ELM, PALM

1. INTRODUCTION

Extensive ground testing is used during the design of a hyper-
sonic vehicle for two key purposes: 1) as a cheap, low-risk
alternative to flight tests for determining vehicle characteris-
tics and behaviour [1] and 2) in support of CFD studies via
provision of validation data and investigation of un-modelled
phenomena [2, 3, 4]. However, the hypersonic flight regime
is inherently complex and a single wind tunnel is not capable

of replicating all of the effects of hypersonic flight simultane-
ously. For this reason, ground testing is often performed in
an array of hypersonic facilities, each with their own limita-
tions [5]. One limitation common to all hypersonic facilities
is their intermittent operation: test times are limited to min-
utes at most and are typically inversely proportional to flow
enthalpy [6]. Full scale, continuous hypersonic wind tunnels
are not feasible due to high structural and thermal loads and
total power required (order of GigaWatts) [7].

Given that there are limited continuous hypersonic flow
facilities, there is significant importance on the length of test
time, which must be greater than the flow establishment time
of quantities of interest. Additionally, increased test time
broadens the range of experiments that can be performed, al-
lowing for better vehicle characterisation. The steadiness of
the test flow is determined by the magnitude of the terms of
the total derivative of any flow property A, given in Eqn. (1).
The total derivative can be broken down into a local term,
%, and a sum of convective terms. A test flow is said to be
steady during a chosen interval (i.e. the test time) if the local
term is zero, and quasi-steady if the local term is non-zero but
much smaller than the convective terms. Further information
on quasi-steady flows and associated data analysis techniques
are given in [8, 9].
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The facilities with the longest test times available are
blowdown facilities, which can produce flows matching flight
Reynolds number for test times on the order of seconds
or minutes. However, these facilities are costly to run, re-
quire significant infrastructure and cannot reproduce higher
flight enthalpies. Impulse tunnels, which operate by instan-
taneously releasing high energy gas to produce hypersonic
flows, avoid the containment issues that affect the design of
continuous hypersonic flow facilities by only operating for
short periods of time. High enthalpy impulse facilities are
able to replicate the higher flight enthalpies, but only pro-
duce test flows that are of extremely short duration (from
tens of microseconds to tens of milliseconds). Additionally,
the rapid expansion of a high-temperature equilibrium gas
can lead to frozen species present in the test flow that aren’t
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representative of flight. Low enthalpy impulse tunnels gener-
ally produce cold perfect gas flows, allowing for simulation
of flight Reynolds number and Mach number, but not high
temperature gas effects. Fig. 1 provides an overview of
the capabilities of different hypersonic facilities in terms of
simulated flight velocity and test time.
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Fig. 1: Equivalent velocity vs test times for hypersonic facil-
ities. Adapted from [6]

One common type of low enthalpy impulse facility is a
Ludwieg Tunnel, which generally consists of a barrel filled
with high pressure gas connected to a nozzle via a fast-acting
valve or a diaphragm. Fig. 2 shows a schematic diagram
and distance-time (x-t) wave plot for a Ludwieg tunnel op-
erating in Ludwieg Mode (LM). In LM, flow is initiated by
rapidly opening a valve or bursting a diaphragm, resulting in
a rarefaction wave travelling upstream. Steady supply con-
ditions to the facility nozzle are attained until the rarefaction
wave returns to the nozzle throat, resulting in a decrease in
supply pressure. Unless the test is then terminated, the rar-
efaction wave reflects, travels back upstream and the pro-
cess repeats. This results in a classic Ludwieg trace con-
sisting of several steady flow plateaus, shown schematically
in Fig. 2. The length of each plateau, t,,., is given by the
length of time it takes for the rarefaction wave to return to the
valve/diaphragm:

~ 2L @)

a

Where L is the length of the facility barrel and «a is the
speed of sound of the gas in the barrel. For the Oxford High
Density Tunnel, ¢,,, varies between 35-50 ms [10].

Traditionally, extension of test times in Ludwieg tunnels
is achieved via an increase in facility length [11]. Jones et
al [12] proposed two new modes of operation for Ludwieg
Tunnels aimed at extending the test time: Extended Lud-
wieg Mode (ELM) and Plenum Augmented Ludwieg Mode
(PALM). In ELM, the opening time of the valve is increased

twr

Fig. 2: x-t and p-t diagrams of a Ludwieg tunnel operating in
Ludwieg Mode. The red line in the schematic indicates the
location of the fast acting valve or diaphragm

to equal t,,,.. This extends the rarefaction wave, resulting in
a steady decrease in nozzle supply pressure. This sacrifices
the steadiness of a LM plateau, but greatly extends the test
duration. PALM requires the Ludwieg Tunnel to have a dual-
throat arrangement, with a plenum between the barrel and
the facility nozzle and the plug valve at the upstream end.
The barrel is then operated in ELM and the valve opening is
further controlled to balance the head loss decrease across the
valve to the drop in barrel pressure. This results in constant
supply pressure to the facility nozzle, greatly extending the
available steady test time to be comparable to some blow-
down facilities (without an increase in size of the Ludwieg
tunnel). However, this extension of test time comes at the ex-
pense of total pressure and unit Reynolds number capability.
If higher unit Reynolds numbers are required, the tunnel must
be operated in Ludwieg Mode.

ELM has been successfully demonstrated by both Jones et
al in the DRA Shock Tunnel (now the Oxford High Density
Tunnel), and by Kimmel et al [13] at the Air Force Research
Laboratory, but to the authors knowledge PALM has never
been implemented in a Ludwieg tunnel.

This paper presents experimental results of the implemen-
tation of ELM and PALM to extend the test times available in
the Oxford High Density Tunnel, a Ludwieg tunnel. This pa-
per is structured as follows: Section 2 discusses the fluid dy-
namics and required valve opening for each new mode. Sec-
tion 3 provides an overview of the Oxford High Density Tun-
nel and how the new modes were implemented in this facility.
Section 4 details numerical simulations of the Oxford High
Density Tunnel operating in the new modes, and Section 5
discusses the experimental results.

2nd International Conference on Flight Vehicles, Aerothermodynamics and Re-entry Missions & Engineering (FAR)
19 - 23 June 2022. Heilbronn, Germany



- Valve opening

o}
=l

(a) top < twr

X

B

(b) top < twr

el

AR

C) top > twr

Fig. 3: Schematic x-t and p-t diagrams showing the effect of different valve openings on the resultant ELM trace. The red line
in the schematics indicates the location of the fast acting valve

2. THEORY OF OPERATION OF NEW MODES

2.1. ELM

This section presents the effect of valve opening time on the
achievement of ELM. To achieve ELM, the opening time of
the valve, t,,, must be greater than or equal to ,,,, extending
the rarefaction wave such that the tail is generated as the head
of the wave returns. Assuming the valve opens fully in time
Lop, if:

top < tawr : Pseudo-ELM; Fig. 3a attained. The tail of the
rarefaction wave will be generated before the
head returns. Results in short periods of
constant supply pressure.

Desired ELM; Fig. 3b attained. Supply
pressure trace will be a steady fall passing
through the end of each plateau on the LM
trace. The dé’t“ achieved will be dependent on
the facility length, with longer lengths

resulting in steadier supply pressures.

top > twr : ELM; Fig. 3c attained. The tail of the

rarefaction wave will be generated after the
head returns. This results in a steady fall in
supply pressure, but the rise time is greater
and the peak supply pressure will be lower

than desired ELM.

The above relations between ¢, and ¢,,, hold true if the
valve only partially opens, though the maximum nozzle sup-
ply pressure achieved will be reduced compared with a fully
open valve.

2.2. PALM

Implementation of PALM requires the Ludwieg tube to have
two features: 1) The facility must have a plenum upstream
of the nozzle throat and 2) the facility valve must be designed
such that the head loss across it is a function of valve opening.
The plenum acts as a settling region for the test gas to stagnate
before it passes through the facility nozzle. Consequently, the
nozzle supply pressure, py, may be related to the barrel fill
pressure, pp, and the plug valve head loss, Hr,, using Eqn (3)
as follows:

po=py— Hp 3)
dpy dpy, dHp
4Po _ 4Py 4
dt dt dt “)

Differentiating gives Eqn. 4, from which it can be seen
that in order to achieve a steady supply pressure (dd%" = 0),
then % = dgltL , implying that the plug valve opening must
be tailored and that the head loss should be a function of the
open area.

A schematic x-t wave diagram of a Ludwieg Tunnel op-
erating in PALM, with required valve opening overlaid, is
shown in Fig. 4a. To achieve PALM operation, the valve
opening must feature two distinct stages. The first, occurring
between time zero and t,,,-: the partial opening of the valve.
The valve opening at the end of this stage governs the sup-
ply pressure of the plateau, with greater opening leading to
higher supply pressures. The second stage tailors the remain-
ing valve opening to produce a plateau. The steadiness of the
plateau is determined by the speed of valve opening in the
second stage. If the valve opening is too fast, % < diL
and the supply pressure decreases (see Fig. 4b). Conversely,

. . . dp dH
if the valve opening is too slow, —* > =L and the supply
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Fig. 4: Schematic x-t and p-t diagrams showing the effect of different valve openings on the resultant PALM supply pressure
trace trace. The red line in the schematics indicates the location of the fast acting valve

pressure increases (see Fig. 4¢). In both cases, once the valve
has fully opened, the head loss can no longer be tailored and
the supply pressure will follow the barrel pressure trace.

3. OXFORD HIGH DENSITY TUNNEL

The Oxford High Density Tunnel (HDT) is a Ludwieg tun-
nel located at the Oxford Thermofluids Institute, University
of Oxford [14]. A schematic of the facility is given in Fig.
5, featuring a barrel of internal diameter 152 mm and length
17.35 m. The barrel is separated from the nozzle plenum by
an upstream facing plug valve. The HDT features four noz-
zles, each with an exit diameter of approximately 350 mm,
covering the range of Mach 4 to Mach 7. The facility barrel
can be heated to 550 K, and has a maximum pressure rating
of 275 bar. All experiments and simulations presented in this
paper were carried out with with the Mach 7 nozzle fitted at a
barrel fill pressure of 14 bar and fill temperature of 500 K.

3.1. Plug Valve

The HDT plug valve consists of a piston in a piston hous-
ing. A schematic of the plug valve and associated pipework
is shown in Fig. 6. The piston is pneumatically actuated,
with opening and closing of the valve achieved by depres-
surising and re-pressurising the piston volume respectively.
Depressurisation of the piston volume is achieved by closing
V13 and opening V12. The differential pressure acting on the
piston increases as the piston volume vents to atmosphere,
eventually resulting in the piston displacing downstream, ex-
posing radial slots in the piston housing (henceforth referred
to as gas slots). Exposure of the gas slots allows test gas to
flow through the valve. Re-pressurisation of the piston vol-
ume is achieved by closing V12 and opening V13, causing

the piston to move forward and cover the gas slots, thereby
re-sealing the barrel from the nozzle plenum. The plenum is
sealed from the piston volume by circumferential seals on the
piston body, and isolated from the barrel by a copper sealing
ring acting on the conical face of the piston.

For the HDT, the maximum area through the gas slots is
greater than the area of the plug valve throat. Consequently,
for operation of the HDT in ELM/PALM, there are three im-
portant piston positions:

1. x1: The exposed area of the gas slots is equal to the
area of the plug valve throat, Ay,.

2. x: Gas slots are fully exposed

3. X, Piston displacement at £,

When the piston is at x1, the flow no longer sees a restric-
tion from the piston. Thus, for HDT, the plug valve being
fully open is defined as the piston being at position x1, with
ELM being implemented if x,,, < z1. Smaller values of z,,,
correspond to the case where ¢, > 1, discussed in Section
2, with smaller values of x,,, resulting in lower peak supply
pressures. Subsequent displacement of the piston between z;
and x» allows for the head loss to continue to be tailored after
the plug valve is fully open, extending the maximum length
of the plateau that can be attained in the HDT when operating
in PALM.

3.2. Implementation of new modes in the HDT

For ELM, slowing of the plug valve opening was achieved
via the install of an orifice downstream of V12, thereby re-
stricting the mass flow through the vent line and reducing the
resultant piston speed. The orifice size was sized assuming
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steady choked mass flow rate, with no losses in the pipework,
using Eqns (5) and (6).

Ay,
_ DPpuApT1 5) Ty = SMpy

RT,, bwr

Where Amy, is the mass of air that must be displaced
from behind the piston, p,, is the pressure of the gas behind
the plug valve, A, is the cross-sectional area of the piston,
x1 is the piston displacement for the area in the gas slots to
be equal to that of the plug valve throat, R is the specific
gas constant of air, T}, is the temperature of the gas behind
the plug valve, 1, is the required choked mass flow rate
through the orifice and ¢, is the time it takes for the head
of the rarefaction wave to return to the plug valve. For the
initial implementation of ELM, a 3.45 mm diameter orifice
was used.

(©)

Amyp,

PALM requires a two-stage piston motion which was
achieved via further modification of the plug valve vent line
pipework (replacing the orifice previously installed for ELM).
Shown in Fig .6, two manual needle valves and a a pilot op-
erated solenoid valve, PV1, were installed, with the solenoid
upstream of one needle valve. For the first stage of motion,
PV1 is open, and the gas vents through both needle valves.
Closing PV1 reduces the mass flow rate from behind the
piston, reducing the rate of change of pressure behind it and
providing the slower second stage motion.

3.3. Instrumentation

The facility nozzle supply pressure was measured 265 mm
upstream of the nozzle throat using a flush mounted Kulite
XCQ-080 pressure transducer with a range of 70 bar abso-
lute. This sensor was amplified using a Kulite KSC-2 signal
conditioner.

The Pitot rake used in these experiments utilised pitot
probes, instrumented with Kulite pressure transducers and as-
pirated thermocouples, to characterise the test flow. The aspi-
rated thermocouples were used to measure the total tempera-
ture of the flow, using the data reduction technique described
in [15]. The Kulites and thermocouples on the rake were am-
plified using Flyde FE-H379-TA and Fylde FE-351-UA am-
plifiers respectively.

All data was recorded using NI PXIe-6368 cards housed
in a NI PXIE-1082 chassis. The sensors were recorded at a
frequency of 2 MHz during the LM and ELM testing, and at
a frequency of 20 kHz during PALM testing. The discrep-
ancy in sampling rate is a result of the high sampling rates
required for the pitot rake campaign that ELM testing was
part of, and due to the extended recording period required to
tune in PALM operation.

4. NUMERICAL STUDIES

To gain further insight into the effect of plug valve opening
time on the resultant supply pressure trace, simulations of the
HDT were performed using the L1D CFD code [16, 17]. L1D
is a quasi-one dimensional Lagrangian flow solver used ex-
tensively in the design and modelling of hypersonic impulse
facilities (e.g. shock tubes and Ludwieg tubes) where the
changes in flow properties are only significant in one dimen-
sion [18, 19].

4.1. Geometry

The simulation geometry used in this work is shown in Fig
7. Due to the Lagrangian formulation of the code, L1D re-
quires a relatively smooth variation in geometry between sec-
tions of differing diameters. Consequently, it is not possible
to simultaneously match the volume, length and area distri-
bution of the facility. For these simulations, the volumes and
cross-sectional areas of the facility were preserved, whilst the
length was not exactly matched. Choosing to match the vol-
umes and areas allows for the expansions through the facility
to be properly modelled [20]. However, an exception was
made for the volume around the piston housing, for which the
maximum gas slot area was used. The maximum gas slot area
is larger than both the equivalent area of the annular volume
and the area of the plug valve throat. Using the maximum gas
slot area for the volume around the piston housing enabled the
full piston displacement to be modelled.

The simulation approximates the plug valve as two valves:
the first is located at the plug valve throat, the second is at
the maximum area of the gas slots. In the simulation, both
valves are opened simultaneously with the same transient area
variation. The downstream valve continues to open after the
upstream valve is fully open. The use of two valves enabled
the motion of the plug valve and the expansion of the barrel
gas through the plug valve throat to be modelled. Using a
single valve located at the plug valve throat only allows for
the piston motion up to 7 to be modelled. Similarly, a single
valve located a the gas slots does not appropriately capture
the expansion of the high pressure barrel gas through the plug
valve throat in the initial stages of opening.

4.2. Tuning

The L1D model of the facility was tuned to match experimen-
tally measured nozzle supply pressure and temperature traces
(measured at the history point in Fig. 7).

Tuning of the facility supply pressure was achieved by
the addition of a head loss patch across the facility plug valve
to represent the change in flow direction as the flow passes
through the valve. The remainder of the facility barrel was
modelled as inviscid, which allowed for the pressure drop
caused by the rarefaction wave to be better matched.
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Total temperature tuning requires an accurate wall tem-
perature along the length of the facility. The HDT features
insulated heaters between the rear face of the barrel and up-
stream face of the plenum, so the temperature of this region
was set to the fill temperature. Downstream of the heaters, the
facility plenum and nozzle are uninsulated, and so the wall
temperature was defined by a series of temperature patches,
based on measurements of the plenum walls taken with a bar-
rel fill temperature of 500 K. The total temperature was then
tuned by a combination of two heat transfer patches, in which
the local heat transfer co-efficient between the gas slug and
the wall is increased. This allows modelling of a geometry
where the cross-sectional area is not accurately modelled by a
tube. The first patch was added to the volume around the pis-
ton housing, where the flow passes through an annular area.
The second heat transfer patch was located across the facility
plenum, where the heat transfer coefficient was increased to
account for the large temperature gradient.

Supply conditions in HDT plenum
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Fig. 8: Comparison between experimental and simulated
HDT Supply conditions at the tuned barrel fill conditions of
14 bar, 500K.

The results of this tuning are shown in Fig. 8, from which
it can be seen that the tuned L1D model closely matches the
experimental nozzle supply pressure trace. There are two
main discrepancies between the simulation and experimental
data. The first is in the wave timings of the facility, in which
the simulated arrival of the reflected head of the rarefaction
wave precedes the experimental case. This a consequence of
the L1D geometry not matching the physical length of the fa-
cility. This discrepancy becomes more apparent at later times
(t > 240 ms), as the rarefaction wave reflects and the speed
of sound in the barrel decreases. The second discrepancy is
in the magnitude of pressure drop between plateaus, which is
smaller in the simulation relative to experimental data. This
is a result of the head loss tuning across the plug valve, and is
most evident at the end of the first plateau. The tuned model
also closely matches the experimental total temperature trace,
accurately predicting the steady state total temperature, with
a slight over-prediction on the last two plateaus.
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Fig. 9: Comparison between experimental and simulated
HDT Supply conditions at 50 bar, 500K

This tuning was compared against another Mach 7 test
with fill conditions of 50 bar, 500 K. The results are shown in
Fig. 9. As expected, the supply pressure from the tuned sim-
ulation accurately predicts the experimental trace. However,
it can be seen that the total temperature tuning is not as robust
- there is a greater offset between simulated and experimen-
tal steady state total temperature, and the transient increase in
total temperature at the start of the shot is less well matched.

Overall, the tuned L1D model was found to accurately
predict the supply pressure attained in a Mach 7 Ludwieg
Mode shot, independent of facility fill pressure. In compar-
ison, it was found that the total temperature tuning is more
dependent on the initial fill conditions. Future work may in-
clude development of a tuning map of the facility, consist-
ing of the required tuned heat transfer patches for each Mach
number, fill pressure and fill temperature. Noting that all fur-
ther simulations will be conducted at the tuned fill condition,
it was decided that the L1D model was sufficiently accurate
to predict the performance of the HDT in the new modes.

4.3. Numerical results

The tuned L1D model was then used to investigate the effects
of different valve opening times on supply pressure and total
temperature. The results are shown in Fig. 10 and Fig. 11
for four cases: 1) Simulated Ludwieg Mode, t,, = 30ms 2)
ELM, t,, = 85 ms, 3) High Pressure (HP) PALM, z,,, =
0.85x1 and t,, = 325ms, and 4) Low Pressure (LP) PALM,
ZTyr = 0.5z1 and t,, = 2500ms. It can be seen that L1D
confirms both new modes of operation, predicting a steady de-
crease in supply pressure for ELM and a steady supply pres-
sure of 80% LM peak supply pressure for approximately 200
ms for the HP PALM case. It can be seen that the simulated
supply pressure for the LP PALM case exhibits a steady in-
crease in supply pressure, corresponding to Fig. 4c in Sec 2.2.
Further work will include increasing ¢, in this simulation un-
til the required valve opening for tailored PALM is attained.
However, it can be seen that increasing the value of x,,, dur-
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ing PALM operation results in a plateau that is both higher in
pressure and shorter in duration. For the HP PALM case, after
the plateau is over, the supply pressure decreases at the same
rate as ELM.

Supply pressure in each mode of operation
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Fig. 10: Comparison between L1D predicted supply pressure
traces across the 3 modes of operation of HDT with a fill con-
ditions of 14 bar, 500 K.

The results for the L1D predicted total temperature in
each mode of operation are shown in Fig. 11. It can be seen
that the predicted total temperature in all modes is consistent
for ¢ > 180 ms. However, L1D predicts a significant decrease
in the magnitude of the transient increase in total temperature
a the beginning of a test when HDT is operated in ELM and
PALM. This is to be expected as the transient increase in LM
is a result of rapid, unsteady filling of the facility plenum. In
ELM and PALM, this process occurs over a longer time and
so the transient increase is smaller in magnitude.

These L1D simulations have served to confirm the poten-
tial of ELM and PALM for enabling longer test time experi-
ments in Ludwieg Tunnels.
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Fig. 11: Comparison between L1D predicted total tempera-
ture traces across the 3 modes of operation of HDT with a fill
conditions of 14 bar, 500 K.

5. EXPERIMENTAL RESULTS

This section presents results from a test performed in each
mode of the HDT: LM, ELM and PALM. Fig 12 presents ex-
perimental traces for the measured nozzle supply pressure,
freestream total temperature and inferred unit Reynolds num-
ber. Also provided are the calculated rates of change. The
LM trace in Fig. 12a exhibits an increase in supply pressure
after every return of the rarefaction wave. This is a conse-
quence of the diameter of the Mach 7 nozzle throat being ap-
proximately 55% smaller than the diameter of the plug valve
throat. Additionally, it can be seen from Fig. 12a that the
facility begins to shut down at approximately t = 520 ms in
Ludwieg Mode. For clarity, the LM data in all subsequent
plots is therefore truncated at t = 500 ms. The ELM trace in
Fig. 12a shows a steady decrease in supply pressure has been
attained for approximately 500 ms. By comparing the loca-
tion of the peak supply pressure in ELM to the end of the first
plateau on the LM trace, it can be seen that the opening of the
plug valve was slower than required for ELM. As discussed
in section 2.1, this reduces the peak supply pressure attained
(for a given fill pressure), but does not impede the resultant
steady decrease in pressure. The supply pressure results ob-
tained in PALM exhibit a similar rise time to the ELM trace,
but the peak supply pressure attained is lower; a consequence
of the lower value of x,,, required for PALM. This initial im-
plementation of PALM has resulted in a steady decrease in
supply pressure for approximately 300 ms, but at a signifi-
cantly reduced rate relative to ELM. As discussed in Section
2.2, this decrease in supply pressure indicates that the piston
motion during the second stage of opening was too slow and
that the effective diameter of needle valve B was too great.
The test time achieved in PALM was limited in the current
implementation by the reduced mass flow behind the piston.
The slower motion of the piston ultimately resulted in the pis-
ton changing its direction of motion, prematurely ending the
test flow. Subsequent testing at Mach 6 has shown that a sec-
ondary actuation of PV1 alleviates this issue, resulting in a
test time of approximately 700 ms. As this data is not part of
a consistent data set, it is not presented in this paper.

A comparison between the total temperatures is given in
Fig. 12b. In all three modes, there is a transient increase in
the total temperature at the start of the test due to the unsteady
filling of the nozzle plenum. It can be seen that this transient
increase is both larger in magnitude and longer in ELM than
in LM, whereas for PALM the magnitude is smaller, but with
a duration consistent with ELM. In all cases, the total temper-
ature is consistent for t > 200 ms, which corresponds to the
3rd plateau of the LM trace.

Fig 12c presents the variation in unit Reynolds number,
calculated assuming perfect gas and isentropic expansion
through the facility nozzle, using Keyes’ model for viscosity.
The unit Reynolds number traces follow the supply pres-
sure traces, with LM producing short plateaus and ELM and
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Fig. 12: Comparisons between LM, ELM and PALM. The x axis is also displayed on the local derivative traces, representing
the steady case
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Table 1: Table comparing the steadiness of the 3 different modes. All values for LM have been averaged on the second plateau

Mode %‘)LkPas’l |%| Ks™! |d}§%\,x106 sT'm~!  Test Time
LM 859 62.5 6.35 30
ELM 733 58.1 3.49 500

PALM 340 48 1.53 300

PALM resulting in a steady decrease in unit Reynolds number
for extended periods of time.

As discussed in Section 1, the steadiness of the test flow
is determined by the magnitude of the local derivative of
flow properties. Figs. 12d, 12e, and 12f thus present the
local derivatives of supply pressure, total temperature and
unit Reynolds number, respectively. For all properties, it can
be seen that the local derivatives in LM exhibit a large initial
transient increase before decaying and oscillating about zero.
For a Ludwieg Tunnel operating in LM, the local derivatives
would be expected to be zero across a plateau, but it can be
seen this is not the case for the HDT operating at Mach 7.
These non-zero local derivatives are again a consequence of
the small diameter of the Mach 7 nozzle throat relative to the
plug valve throat. Operation in ELM and PALM results in a
lower initial transient increase in the local derivatives, before
decaying to an approximately steady state for t > 250 ms.

Table 1 provides a comparison between the average local
derivatives over the test time in each of the modes, with LM
data being averaged on the second plateau. It can be seen that
ELM produces a test flow that is of comparable steadiness in
supply pressure and total temperature to a LM plateau, but for
aduration that is over 15 times longer. Additionally, operation
in ELM presents a significant improvement to the steadiness
of the Unit Reynolds number relative to LM, decreasing the
magnitude of the local derivate by approximately 45%. Sim-
ilarly, this initial implementation of PALM has resulted in a
test time that is both 10 times longer and significantly steadier
than a LM plateau, decreasing the magnitude of local deriva-
tive by 60% for supply pressure and 75% for unit Reynolds
number, despite the plug valve motion in the second stage be-
ing faster than required. It is expected that future implemen-
tations of PALM will be able to build on this improvement,
and provide extended, steady test times.

6. CONCLUSION

This paper has presented theoretical, numerical and experi-
mental experimental results from the implementation of two
new modes of operation for Ludwieg Tunnels that feature an
upstream plenum and fast-acting valve. These new modes,
Extended Ludwieg Mode (ELM) and Plenum Augmented
Ludwieg Mode (PALM) both provide an increased test time
compared with Ludwieg Mode, albeit at reduced Reynolds
number capability. Both modes have been implemented in
the Oxford High Density Tunnel. Operation in ELM has re-

sulted in a test flow that is over fifteen times longer than, but
of comparable steadiness to, a Ludwieg Mode plateau in the
Oxford High Density Tunnel. PALM was implemented with
partial success, resulting in a test flow that is both ten times
the duration of, and significantly steadier (for supply pressure
and unit Reynolds number), than a Ludwieg Mode plateau.
The results demonstrate the potential of PALM for achieving
steady test times of extended durations in Ludwieg Tunnels.
It is expected that future implementations of PALM in the
Oxford HDT will achieve steady test flows with durations in
excess of 500 ms. Thus, both ELM and PALM significantly
expand the capability of Ludwieg Tunnels for studying long
duration flow phenomena such as wake flows, control of hy-
personic vehicles and fluid-structure interactions. However,
ELM and PALM both also exhibit an increase in the start-
up period of the facility, potentially making these modes of
operation unsuitable for certain types of experiments (e.g.
free-flight [21, 22, 23]). Additionally, operation in PALM
results in a decrease in the peak supply pressure that can be
attained for a given fill pressure compared to Ludwieg Mode,
significantly reducing the unit Reynolds number capability of
PALM. Noting that the Oxford HDT is rated for a maximum
fill pressure of 275 bar [10, 14], it is expected that nozzle
supply pressures of over 60 bar will be attainable in PALM,
which covers the range of LM tests conducted to date in this
facility.

Future work will include a refinement of pipework and
numerical models to enable PALM to be better understood
and implemented in the HDT.
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