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ABSTRACT

Flow inside a heated horizontal tube subjected to gravity is
investigated under the Oberbeck-Boussinesq assumption using
direct numerical simulations (DNS) based on a lattice Boltz-
mann method and experiments. A helical wall temperature
distribution with pitch A /D = 1.15 is considered, which is rep-
resentative of many storage tubes of hypersonic wind tunnels
of Ludwieg type. The Prandtl number is fixed to Pr = 0.70 and
Rayleigh numbers between Ra = 4.3 -107 and Ra = 1.1 10°
are considered, corresponding to the bounds of the operating
range of the Hypersonic Ludwieg Tube Braunschweig (HLB)
facility. For all Rayleigh numbers in this range, the flow is un-
steady and chaotic throughout the system. Turbulence statis-
tics are observed to vary considerably in all space dimensions.
Furthermore, the wall temperature distribution causes convec-
tion rolls rotating in the azimuthal direction. Time traces of
the temperature recorded using physical thermocouples con-
firm the main trends observed in the simulations.

INTRODUCTION

In hypersonic flight vehicle development, laminar-
turbulent boundary layer transition is of critical importance,
as it affects wall shear stress, surface heat flux, and flow sep-
aration (Schneider, 2004). In this context, transition is often
studied in hypersonic Ludwieg tubes, which provide a cost-
effective way of generating hypersonic, low-enthalpy flow. In
such facilities, the test gas is first pressurized and heated inside
a long cylindrical storage tube, then released through a fast-
acting valve into a Laval nozzle, producing a short-duration
hypersonic flow. A schematic of the HLB facility is shown in
Fig. 1. The transition behavior observed in such experiments
is inevitably influenced by freestream disturbances present in
the test section, such that comparisons with numerical predic-
tions, flight data, and other wind tunnel experiments (Schnei-
der, 2001) are not straightforward. Consequently, quantifying
these disturbances and reporting them alongside the results
is necessary. Freestream disturbances in high-speed tunnels
are typically described as a superposition of acoustic, entropy,
and vorticity modes (Kovasznay, 1953). Acoustic disturbances
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mostly originate from the turbulent boundary layers on the in-
ner walls of the nozzle. Entropy disturbances are caused by the
heating of the fluid prior to conducting experiments, a measure
necessary to prevent condensation of the test gas during expan-
sion in the nozzle. Vorticity disturbances are mainly gener-
ated by mechanical installations, e.g., valves and struts. While
acoustic modes have historically been considered to dominate
over the other disturbance types (Morkovin, 1957), recent ex-
periments by Munoz et al. (2019) cast doubt on this assump-
tion. It was found that facilities with identical Laval nozzle ge-
ometries, but varying heating setups and storage tube lengths,
yielded significantly different results regarding transition. This
discrepancy is attributed to the entropy and vorticity perturba-
tions originating upstream of the nozzle throat. For this reason,
the startup process of hypersonic Ludwieg tubes has to be an-
alyzed in greater detail.

In the present contribution, flow inside the storage tube of
the HLB facility during the initial heating phase is investigated
by means of DNS and physical thermocouples. This facil-
ity is representative of other hypersonic Ludwieg tubes and
the findings presented hereafter can be transferred to similar
wind tunnels. Ultimately, these insights are essential for de-
termining realistic inflow boundary conditions at the nozzle
throat for subsequent DNS of the Laval nozzle and test sec-
tion, which are expected to provide conclusive insights into
the influence of the heating process on transition experiments
(Radespiel et al., 2025).

This paper is organized as follows. First, the underly-
ing flow problem is fully defined through specifying the flow
geometry, boundary conditions, and dimensionless numbers.
Next, an overview of the numerical and experimental setups
used to generate the data is given. Then, general characteris-
tics as well as specific aspects of the observed flow fields are
discussed. Particular emphasis is placed on the influence of the
Rayleigh number. Finally, the essential results are summarized
and an outlook is given.
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Figure 1: Design drawing of Hypersonic Ludwieg Tube Braunschweig (HLB) facility.

CASE SETUP
Flow Configuration

Figure 2 summarizes the geometry and boundary condi-
tions used in the numerical simulations of the storage tube.
The air inside the tube is heated to a mean temperature of
To = 200°C by means of helically arranged heating strips. The
energy provided by the heating strips eventually equals the
heat losses to the ambient air, leading to a steady temperature
field on the storage tube walls. The corresponding inhomoge-
neous wall temperature profile is approximated by

AT 2
T:T()—Q-TCOS(TTEX-Q-(p—(p()) @)

based on the results of a preliminary heat transfer simulation.
In this equation, AT = Tmax — Thnin 1S the temperature differ-
ence between the maximum and minimum temperature on the
inner wall, A4 is the pitch of the helix, ¢ is the azimuthal angle
defined in Fig. 2, and ¢y is a reference angle introduced for
generality. For the HLB, A/D = 1.15, where D = 0.27m is
the inner diameter, and AT = 20K. This temperature profile is
assumed to be unaffected by the flow inside the storage tube,
i.e., a one-way coupling between the wall temperature distri-
bution and the flow is assumed for the purposes of the present
work.

Aside from the helix pitch, the thermal convection flow is
determined by the Rayleigh number Ra = BATgD? /vk and
the Prandtl number Pr = v/x, where f is the thermal expan-
sion coefficient, g denotes the gravity, v is the kinematic vis-
cosity, and x is the thermal diffusivity. The unit Reynolds
number Rey, inside the test section is controlled via the stag-
nation pressure pg inside the storage tube, which can be var-
ied in the range between 3 and 15bar. Assuming validity
of the ideal gas equation, this results in a Prandtl number of
Pr = 0.70, and Rayleigh numbers Ra € [4.3-107, 1.1-10°] ac-
cording to the thermodynamic data from Kadoya et al. (1985).
The present contribution focuses on the three representative
operating points of py € {3, 7, 15} bar, corresponding to unit
Reynolds numbers of Rey € {2.5-10°,5.9-10°, 1.3 107}
m~! and Rayleigh numbers of Ra € {4.3-107,2.3-108,1.1-
109}. The relation between pg and Re,, is estimated from pre-
vious measurements (Radespiel ez al., 2016). Throughout this
paper, all quantities are non-dimensionalized using the free-
fall velocity \/BAT gD, the diameter D, and the temperature
difference AT. The origin O of the Cartesian coordinate sys-
tem is on the cylinder axis at the center of the computational
domain, see Fig. 2.

Measurement
planes

Computational

T domain

max

SN

Figure 2: Storage tube geometry, heating strip layout,
computational domain and positions of experimental
measurement planes.

Numerical Method

The flow is simulated using a thermal lattice Boltzmann
method (LBM) (Guo et al., 2007) of the multi-physics solver
m-AlA (multi-physics — Aerodynamisches Institut Aachen)
(RWTH Aachen University, 2024). This particular LBM
makes use of the Oberbeck-Boussinesq approximation, which
is applicable in the context of the present flow according to the
criteria from Gray & Giorgini (1976). The corresponding form
of the conservation equations is

V.i=0 2
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where # is the velocity vector, p is density, p is static pressure
and ¢ is time. The periodicity of the boundary conditions is
exploited and only a segment with a length of one pitch is sim-
ulated, as shown in Fig. 2. The variable temperature boundary
condition is applied using the boundary treatment by Li et al.
(2014) and the local grid refinement technique proposed by
Eitel-Amor et al. (2013) is used. Simulations are started from
a uniform temperature field with 7 = Ty. The flow is given
75 free-fall times D/+/BAT gD to reach a statistically steady
state. Time integration for statistics is then performed over a
further 75 free-fall times. Recorded time signals have a res-
olution of 200 samples per free-fall time, whereas the time
resolution of the simulation corresponds to 20000 time steps
per free-fall time. Simulations were carried out on a locally
refined Cartesian mesh. Cells closest to the wall have a size
of D/2400, cells inside the bulk have a size of D/600. Lastly,
in the present lattice Boltzmann model, there is one additional
degree of freedom in the form of the ratio of the free-fall ve-
locity and the constant speed of sound ag. Low values provide
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Figure 3: Thermocouple arrangement within the mea-
surement planes.

better accuracy, while larger values lead to larger time steps
and thus shorter simulation times. In the present study, the

ratio \/BATgD/ag = 0.2 was used.

Experimental Setup

Figure 2 shows the position of the two experimental mea-
surement planes in the storage tube relative to the heating
strip layout. The planes are spaced by half a helical pitch
(4/2), such that in one plane, the helical heating strip lies at
@ = 0°/360° (top), while in the other, it lies at ¢ = 180° (bot-
tom), where natural convection effects are expected to be most
pronounced due to the local mean temperature gradient oppos-
ing gravity. Figure 3 shows the detailed arrangement of ther-
mocouples in the measurement planes. In each plane, 9 Type K
thermocouples with a sheath diameter of 0.25 mm are installed
and arranged to resolve temperature fluctuations both close to
the wall and in the bulk flow. The nominal response time of the
thermocouples is 7.5ms, measured for a step change in water.
However, the effective response time in air is expected to be
higher due to the lower convective heat transfer.

RESULTS AND DISCUSSION
Resolution Requirements

To the best of the authors” knowledge, the present physi-
cal problem does not correspond to any canonical test case in
the literature. Therefore, no a priori knowledge of the required
spatial resolution was available. Instead, progressively finer
meshes were used until the variation in the observed quan-
tities was negligible. At Ra = 1.1-10°, the validity of the
Kolmogorov hypotheses is expected at least locally. While a
detailed investigation of the Kolmogorov scaling will be ad-
dressed in future research, the mesh resolution is related to the
Kolmogorov length scale in this section.

At Pr < 1, the Kolmogorov length 1 = (v3/g,)!/4, where
g, is the turbulent dissipation, is an often used measure
for the resolution requirements of DNS. Following Stevens
et al. (2010), the grid must satisfy 7 < zm, with h =
max(Ax, Ay, Az). For the lattice Boltzmann scheme used in
the present study, a Cartesian grid is used, i.e., the extent of
the cells is the same in all Cartesian directions. Turbulent dis-
sipation is found to be highest at the outer walls beneath the
convection rolls in Fig. 10.

Figure 4 shows the Kolmogorov length scale at Ra =
1.1-10° across a vertical line at (x = A /4,z = 0). The res-
olution requirements are highest close to the walls and slightly
less restrictive in the bulk. The current mesh resolution used
for the present study yields values of 4/n ~ 10. While not
quite meeting the criterion cited above, the resolution seems
appropriate for the present analysis.
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Figure 4: Kolmogorov length 7 as a function of vertical
coordinate y at x = A /4 and z =0 at Ra= 1.1-10°.
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Figure 5: Contours of instantaneous temperature differ-
ence in € [0.0, 0.45]U[0.55, 1.0] at Ra = 4.3-107.
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Figure 6: Contours of instantaneous temperature differ-
ence in 8 € [0.0,0.45]U[0.55, 1.0] at Ra = 1.1-10°.

Instantaneous Flow Characteristics

Figures 5 and 6 show contours of the non-dimensionalized
instantaneous temperature difference 6 = (T — Tpyin) /AT in
the range 6 € [0.0,0.45] U [0.55, 1.0] at Rayleigh numbers of
4.3-107 and 1.1-10°. Throughout the entire operating range
of the HLB, the flow inside the storage tube is unsteady and
chaotic. As the Rayleigh number increases, the bulk of the
total temperature difference is found in increasingly thin re-
gions close to the wall. Plumes are observed near the axial
locations x = +A /2, where the heating strip is located at the
bottom of the tube and the local mean temperature gradient of
the wall acts against gravity. At higher Rayleigh numbers, the
flow exhibits progressively small-scale structures, with plumes
becoming thinner and more spatially refined.

Figure 7 shows the simulated time trace of the tempera-
ture difference O starting from an arbitrary time 7o at posi-
tion (A/2,0.46D, 0), corresponding to the upper thermocou-
ple located closest to the wall in Fig. 3. Fluctuations be-
come increasingly fast at higher Rayleigh numbers, as evi-
denced by the larger number of local minima and maxima at
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Figure 7: Simulated time signal of temperature differ-
ence 0 at position (1/2,0.46D, 0).
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Figure 8: Simulated time signal of temperature differ-
ence 0 at position (1/2,0.17D, 0).

Ra=1.1-10° compared to Ra =2.3-10® and Ra = 4.3-107.
Even at Ra = 1.1-10°, the time span between neighboring
local extrema generally remains on the order of one free-fall
time and thus well above the time resolution used for sampling.
For all Rayleigh numbers considered, temperature fluctuations
above 0.2AT are observed at this location.

Figure 8 shows the simulated temperature signal at posi-
tion (1/2,0.17D, 0), corresponding to the upper thermocou-
ple located furthest from the wall in Fig. 3. For all Rayleigh
numbers, the amplitude of the observed temperature fluctua-
tions is smaller at this location compared to regions closer to
the wall. The peaks in Fig. 8 are due to plumes occasionally
reaching this far into the bulk. Without these events, fluctua-
tions are comparatively slow and have a low amplitude.

Mean Flow Characteristics

Time averaged velocities reveal coherent flow structures.
Figures 9 and 10 show contours of the mean azimuthal velocity
vg in the range vy //BAT gD € [—0.22, —0.07]U[0.07, 0.22].
Two counterrotating convection rolls are observed close to
the outer walls, generating shear stresses in the near wall re-
gions. Figure 11 shows the mean azimuthal velocity profile
along the vertical y-axis at (x = A/4,z =0). The mean az-
imuthal velocity profiles are approximately symmetric around
y = 0 with distinct peaks close to the walls. The higher the
Rayleigh number, the closer the peaks move to the wall. For
the Reynolds number Rey, = max(|vy|)D/v based on the max-
imum mean azimuthal velocity, the values in Table 1 are ob-

Table 1: Reynolds number Reyp of maximum mean az-
imuthal velocity as a function of the Rayleigh number.

Ra 43-107 23-10% 1.1-10°
Re, 2084 4633 10880

(a) y-z-plane

(b) x-z-plane

Figure 9: Contours of mean azimuthal velocity in interval

vo/\/BATgD € [—0.22, —0.07] U [0.07,0.22] at Ra =
43107
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Figure 10: Contours of mean azimuthal velocity in in-
terval vy /\/BATgD € [-0.22, —0.07] U [0.07, 0.22] at
Ra=1.1-10°.

tained. For the three Rayleigh numbers shown, Rey, increases
roughly proportionally to Ra’>, which is a direct consequence
of max(|ve|)/+/BAT gD being approximately constant across
all Rayleigh numbers.

To quantify the amplitudes of the unsteady motions at dif-
ferent locations of the computational domain, the spatial distri-
bution of the turbulent kinetic energy (TKE) k = 1 ((u? +v +
w'2)) is considered, where u’, v' and w' are the velocity fluctu-
ations in Cartesian directions. Figures 12, 13, and 14 show the
distributions of the cross-sectional, azimuthal, and meridional
means of TKE respectively. The corresponding definitions are

4 2r rD/2
kx(x) = m / / k(x> ®, I‘) rdrdq) ©)

2w A2
k() 27:/1/ Lipktoniste

ko (o = Da /D/2 /1/2 k(x, @, r)dxdr @)

Figure 12 shows that for all Rayleigh numbers, TKE is mini-
mal in the plane at x = 0 where the heating strip is located at the
top of the pipe. TKE is maximal in the plane at x = A /2, where
the heating strip is located at the bottom of the pipe. Figure 13
quantifies the radial distribution of TKE. At Ra = 4.3-107 and
Ra = 2.3-108, TKE is distributed close to equally across all
radii. In contrast, at Ra = 1.1- 10, the regions located fur-
ther away from the central axis show higher levels of TKE
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Figure 11: Mean azimuthal velocity profile as a function
of the vertical coordinate y at x = A /4 and z = 0.
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Figure 12: Cross-sectional average of TKE as a function
of the axial position x.

than the regions close to the central axis. Figure 14 quantifies
the distribution of TKE to different azimuthal directions. For
all Rayleigh numbers, inhomogeneity is observed, with higher
levels of TKE in the vertical directions ¢ = 0° and ¢ = 180°
than in the horizontal directions ¢ = 90° and 270°.

At increasing Rayleigh number, the volume average of
TKE over the whole system is found to decrease slightly. This
is evident in Fig. 12, which shows that the cross-sectional av-
erages of TKE decrease with increasing Rayleigh number for
virtually all axial positions. Figure 13 indicates that the de-
crease in total TKE occurs in the bulk rather than in the near-
wall regions. Figure 14 reveals that the largest decrease in
TKE is observed at ¢ = 0°, i.e., in the direction opposing grav-
ity. A possible explanation of this result is that as the Rayleigh
number increases, TKE is redistributed from the bulk toward
finer structures close to the outer walls. Future research will
clarify this point by focusing on the TKE budget in relevant
regions of the system at different Rayleigh numbers.

Experimental Measurements

Figures 15 and 16 show the measured time traces of the
temperature difference O starting from an arbitrary time fg
at the positions (A/2,0.46D, 0) and (4/2,0.17D, 0) respec-
tively. Thus, the signals correspond to those shown in Figs. 7
and 8. Importantly, the definition of 0 is slightly altered in
the sense that it is computed based on the maximum temper-
ature difference AT and minimum temperature 7;,;, measured
across all probes at a given pressure. This change was made,
since the maximum and minimum temperatures at the inner

1073
T T
151 i
S 10} .
<
S
2
F 05 :
---Ra=43-10"
---Ra=23-10% |
0.0+ —Ra=1.1-10° 8
Il Il T T 1 Il
0 01 02 03 04 05
r/D

Figure 13: Azimuthal average of TKE as a function of
the distance r to the cylinder axis.
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Figure 14: Meridional average of TKE as a function of
the azimuthal angle ¢.

wall are not measurable in the present setup.

The measurements confirm some of the trends observed in
the simulations. For one, with increasing pressure, i.e., in-
creasing Rayleigh number, the fluctuations become increas-
ingly fast and their amplitudes increase noticeably beyond a
critical value of Ra. This trend is most obvious in Fig. 15,
where temperature differences of approximately 0.05AT are
observed at the two higher pressures, whereas the amplitude
of the fluctuations is smaller than 0.01AT for the lowest pres-
sure. For another, fluctuations are most pronounced close to
the walls. Even at the highest pressure of py = 15bar, fluctua-
tions do not exceed 0.02AT in Fig. 16.

However, there are important discrepancies between the
numerical and experimental time traces, both in the observed
amplitudes, time scales and mean temperature levels. These
differences are attributed to several uncertainties. First, the ex-
periments yielded larger maximum temperature differences of
AT = 50K and a lower mean temperature level of Ty = 160°C
than assumed in the simulations. For this reason, the Rayleigh
numbers used in the simulations do not exactly correspond to
those at the corresponding pressures in the experiments. Sec-
ond, there is uncertainty regarding the axial position of the
measurement positions relative to the heating spiral and thus
the exact match of the positions of the physical and numeri-
cal probes. Third, due to imperfections in the insulation of the
storage tube as well as modifications made to get measuring
access, there is uncertainty regarding the match of the assumed
and actual wall temperature distributions. These uncertainties
will be further investigated in future research.
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Figure 15: Measured time signal of temperature differ-
ence 6 at position (A/2,0.46D, 0).
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Figure 16: Measured time signal of temperature differ-
ence O at position (1/2,0.17D, 0).

CONCLUSIONS AND OUTLOOK

The flow regime inside horizontal storage tubes of hyper-
sonic Ludwieg facilites during the initial heating face is inves-
tigated using DNS and measurements. A helical temperature
profile is assumed in the simulations based on the heating setup
of the HLB facility. It is found that the Rayleigh numbers at
typical operating conditions are sufficiently high to cause un-
steady and chaotic flow throughout the system. Turbulence
statistics are highly inhomogeneous and depend on the local
disposition of the helical heating strip relative to the gravity
vector. In planes where the heating strip is located at the bot-
tom of the tube, TKE is highest and plume shedding is the most
pronounced. Outside of the locations where the heating strip
is located at the bottom of the tube, thermal stratification is ob-
served. Aside from turbulent fluctuations, two convection rolls
rotating in the azimuthal direction are observed in the mean
velocity field. With increasing Rayleigh number, the Reynolds
number based on the maximum azimuthal velocity of the con-
vection rolls increases roughly proportionally to Ra%>.

In addition to the simulations, time traces of the temper-
ature were recorded experimentally at several representative
points. The experiments confirm the main trends that the fluc-
tuations become increasingly fast with increasing pressure.
Furthermore, the experiments show that fluctuations are most
pronounced close to the walls, as predicted by the simula-
tions. However, an exact match between simulations and ex-
periments is not obtained due to various uncertainties.

Future studies will focus on the TKE budget to clarify the
mechanism responsible for the observed decrease of the total

TKE contained in the system with increasing Rayleigh num-
ber. Furthermore, heat transfer from the hotter parts of the wall
to the colder parts will be quantified to judge whether the as-
sumption of one-way coupling between the wall temperature
distribution and the flow field is justified in simulations. Ad-
ditional physical probes will be used to get additional insights
into the wall temperature distribution and allow more accurate
modeling of the wall temperature distribution in simulations.
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