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Abstract

For the present study of turbulent mixed convec-
tion a generic convection cell has been devel-
oped. It was designed to work with air as work-
ing fluid under high pressure as well as ambient
pressure conditions. Based on Particle Image Ve-
locimetry (PIV) and temperature measurements a
concept which allows to scale the spatial dimen-
sion at turbulent mixed convection by increasing
the fluid pressure and adjusting the inflow veloc-
ity has been studied. Further analyse the spa-
tial structure of the kinetic energy distribution in
mixed convection Proper Orthogonal Decompo-
sition (POD) calculations of the velocity fields
have been performed. Results of these investiga-
tions are presented.

1 Introduction

Mixed convection is an important type of flow
which is characterised by the interaction between
forced and free convection occurring as a result
of buoyancy-induced motion. It is present in
many technical applications like e.g. heat ex-
changers [14], air conditioning of passenger de-
partments [13] or indoor climatisation [3]. More-
over, mixed convection is a typical phenomenon
in geology and meteorology and occurs often at
large scales. Hence, a direct experimental inves-
tigation is difficult or sometimes even impossible.

A measurement method which allows to
study large scale mixed convection at reduced
model size by keeping the characteristic non-
dimensional parameters constant, i.e. Grashof

number Gr, Reynolds number, Re, and Prandtl
number, Pr constant, is highly desirable. In the
past scaling of mixed convection was accom-
plished by choosing a different working fluid
with a lower kinematic viscosity. For example
Linden [2] developed a scaling concept for inves-
tigations of indoor climatisation by scaling the
Reand Peclet numberPe, using water as work-
ing fluid and brine to create a density gradient.
With this approach he was able to scale the model
size by a factor of 1:20 - 1:100. The drawback
of his approach is the use of a fluid with a dif-
ferentPr and therefore a change of fluid proper-
ties. Therefore, the approach of the scaling con-
cept presented here is to reduce the spatial dimen-
sions of such configurations to scales which are
experimentally accessible by increasing the fluid
pressure, adjusting the inflow velocity and thus
keepingGr, ReandPr constant.

Before getting back to turbulent mixed con-
vection, we will consider some related set-ups
and measurement techniques applied to purely
thermal convection in enclosures heated from be-
low and cooled from above. A lot of attention
has been drawn to studies of thermal convec-
tion using highly pressurised gases to achieve
high Rayleigh numbers. Fleischer and Gold-
stein used e.g. highly pressurised nitrogen to
study Rayleigh-Bènard convection at highRa in
a cylindrical horizontal container [4]. They in-
vestigated the Nusselt-Rayleigh heat transfer re-
lationship for 1· 109 < Ra< 1.7 · 1012 and also
recorded Schlieren video images. The maximum
Ra has been reached at a pressure of 80 bar for
a characteristic length ofL = 0.45 m. For sev-
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eral other studies reported in the literature differ-
ent pressurised gases have been used. For exam-
ple Niemelaet al. [5] used cryogenic helium to
study Nusselt-Rayleigh heat transfer relationship
at very highRaup to 1017. An other thermal con-
vection experiment has been performed by Xia
et. al. [12]. They studied large-scale circulation
for differentRausing water as working fluid, in a
rectangular container with an isothermal bottom
and ceiling by means of PIV.

A mixed convection experiment comparable
to our experimental set-up has been used by Lin-
denet. al. [1,2]. They explored the heat trans-
fer and flow structures in what they called natu-
ral ventilation with one or more heat sources to
induce buoyancy forces and several in- and out-
let locations on a down-scaled cavity with water
as working fluid. The aim of their studies was
to extend the possibilities for living and working
under inclement or inhospitable conditions. An-
other study with a comparable set-up is the Laser
Doppler Anemometry (LDA) of mixed convec-
tion in a rectangular tube with isothermal bottom
and ceiling filled with nitrogen [6,7]. In con-
trast to our experiment, they studied mixed con-
vection for lower Rayleigh numbers in the range
2472< Ra< 8300, as well as 15< Re< 150
and 0.5 . Ar . 2. Ar is the Archimedes number,
which is defined by the ratio of buoyancy and in-
ertia forces. However, to our knowledge, PIV of
turbulent mixed convection at high fluid pressure,
has not been performed so far.

At the German Aerospace Centre in Göttin-
gen a modularly designed convection cell was
developed to study mixed convection for 600<
Re< 3 · 106, 5 · 105 < Gr < 5 · 1010. In order
to cover theseRe and Gr regimes the cell can
be operated in a pressure range of 1< p < 100
bar. The aim is to apply PIV at high pressure in
order to study the effect of high pressure on the
dynamics of coherent structures and heat transfer
considering the scaling concept which will make
possible to measure aircraft cabin air flow using
downscaled models in the future.

2 Scaling concept

Mixed convection in a given geometry is charac-
terised by the non-dimensional parameters

Gr =
gα∆TH3

ν2 , (1)

Re=
UL
ν

(2)

and
Pr =

ν
κ
, (3)

whereg denotes the gravitational acceleration,H
the height of the cell,α = − 1/ρ(∂ρ/∂T) the
thermal expansion coefficient,ν the kinematic
viscosity,κ the thermal diffusivity, vin the inlet
velocity, ρ the density andL the characteristic
length scale of the system. An additional pa-
rameter to characterise mixed convection is the
Archimedes number

Ar =

√
Gr

Re
, (4)

which is the ratio of buoyancy and inertia forces.
For the considered case the characteristic length
in eq. 2 is equal to the height of the cell.

Often one would like to study the flow with
the same nondimensional parameters but in a ge-
ometry whose sizêH is by a factorssmaller than
its original size, i.e.Ĥ = sH ·H. Scaling theory
tells us how one has to adjust velocity, viscos-
ity, thermal diffusivity and the thermal expansion
coefficient in order to accomplish this task. As-
suming that the thermal expansion coefficient is
independent of pressure for our working fluid air
one can readily verify that the scaling coefficients
for the mentioned quantities are related tosby the
equations

Gr =
gα∆T(sHH)3

s2
νν2

, (5)

Re=
sUUsLL

sνν
(6)

and
Pr =

sνν
sκκ

. (7)

2



SCALING OF MIXED CONVECTION IN AIRCRAFT CABINS

The corresponding scaling factors are denoted as
si. Under the constraint of geometrical similarity,
i.e. sL = sH , we obtain the two equations

sν = (sH)
3
2 andsvin = (sH)

1
2 . (8)

Scaling of the system by a factorsH for the
height of the container yields the scaling factors
for kinematic viscositysν and the inflow veloc-
ity svin . Sinceµ, the dynamic viscosity, is un-
affected by the pressure for 1< p < 30 bar, the
kinematic viscosity can be controlled linearly via
the densityρ, which in turn depends on the pres-
surep. Otherwise for a fluid pressurep > 30 bar
the kinematic viscosity has to be adjusted with an
experimentally defined formula given by Smits
and Zagarola [8].

3 Analytical method

The instantaneous velocity fields are analysed us-
ing the Proper Orthogonal Decomposition (POD)
procedure based on the snapshots method by
Sirovich [10,11]. Given is a set ofN two di-
mensional two component instantaneous velocity
fields

U (n)(x) = (u(1)
1 , ...,u(i)

l ,v(1)
1 , ...,v(i)

l ), (9)

where 1≤ n ≤ N denotes the time index,ui and
vi the velocity components of the sizel = m×n
(m dimension in x-direction and n in y-direction).
Hence, a set ofU (n) = U(x,nτ) vector fields with
a sampling rateτ is given. Then the correlation
matrixK reads

K =
1
N ∑U (n)(x) ·U(n)(x′). (10)

Solving the eigenvalue equation

K ζ = α ζ (11)

using Singular Value Decomposition (SVD) pro-
vides real positive eigenvaluesλk and the associ-
ated eigenvectorsζ

k
. The energy eigenvaluesλk

are ordered in a decreasing order and the eigen-
vectorsζ

k
define an orthonormal basis. By the

linear transformation

Φk(x) =
N

∑
k=1

ζ
i
U (i) (12)

a new orthogonal basis is determined. In the fol-
lowing the time averaged spatial kinetic energy
distributionΦk will be called coherent structure.

4 Experimental Set-up

4.1 High Pressure Wind Tunnel

The measurements were performed in the High
Pressure Wind Tunnel Göttingen (HDG), which
is a Göttingen-type closed circuit low speed wind
tunnel that can be pressurised up to 100 bar. The
velocity is adjustable between 3.5 and 35 m/s in
the total range of pressure. At a temperature of
300 K with the standard reference length defini-
tion of 0.06 m, the Reynolds number can be var-
ied up to 1.2 ·107. The test section has a height
of 0.6 m, a width of 0.6 m and a length of 1 m.

The purpose of using of the HDG in our ex-
periments is threefold. First it allows to adjust the
fluid pressure, second it provides the inflow for
our convection cell, and finally it supplies cool-
ing to the cell ceiling.

4.2 Convection cell

The convection cell is a cuboidal container with a
quadratic cross section, an air inlet at the top and
an air outlet at the bottom. The cell has a width
of 0.1 m, a height of 0.1 m and a length of 0.5 m.
In- and outlet are located at the same side of the
cell. Both span the whole length of the cell and
are equipped with rectangular channels of height
5 mm and length 300 mm for the inlet as well as
a height of 3 mm and length of 120 mm for the
outlet. The inlet channel is equipped with an ad-
ditional fence in order to further homogenise the
inflow. All side walls are thermally insulated by
a layer system with an insulating sheath of 7 mm
air between two transparent windows in order to
accomplish almost adiabatic boundary conditions
while maintaining the optical accessibility of the
cell.

The floor of the container is equipped with a
heated copper plate and the ceiling with an alu-
minium heat exchanger. Cooling is realized by
cooling fins, which provide thermal coupling be-
tween the cooling plate and the air in the wind
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tunnel.
Resistance Temperature Detectors (RTDs)

are embedded in the cooling and heating plate
in order to monitor the temperatures of our cell.
Further the in- and outflow temperature are also
recorded with RTDs. In addition to the tem-
perature the dynamic pressure at the outlet was
measured with a Pitot-tube in combination with
a static pressure probe in order to determine the
average inflow velocity ˆvin.

With this configuration we are able to gener-
ate mixed convection under well defined condi-
tions and adjustable fluid pressure. Further in-
formations about the cell set-up can be found in
Westhoff et. al. [15,16].

4.3 Particle Image Velocimetry set-up

The 2D-2C Particle Image Velocimetry (PIV) has
been applied in order to measure mixed convec-
tion in our cell under high pressure conditions.
The PIV system consists of a double oscillator
quality switched Nd:YAG laser, light sheet op-
tics and a Peltier-cooled charge coupled device
(CCD) camera (1376x1040 spatial resolution at
12 bit grayscale), which is placed in front of the
convection cell. The light sheet is injected into
the cell from the opposite side of the air inlet. Ac-
cording to the optical set-up only the velocity par-
allel to the light sheet plane were detected (2C-
2D PIV). As seeding solid particles of Matroxid
(Al2O3) with diameters of aboutµm were used.
They were injected into the flow by a fluidised-
bed seeding generator (a detailed description is
given in Willert and Jarius [9]). Finally, the PIV
measurement plane is located at 50 % in longitu-
dinal direction.

5 Results

Eigenvaluesλi, time coefficientsζ
i

and coher-
ent structuresΦi are computed as explained be-
fore. These POD results will be compared with
the structure of the time averaged velocity fields
and the time series of the measured temperature
at the outlet. First we compare the structure of
the time averaged velocity map with the coherent

Table 1 Measurement conditions for mixed con-
vection at 5.1 bar.

Ar Re Gr ∆T ṽin
[K] [m /s]

0.89 1.1 ·104 9.5 ·107 30.1 0.35
1.24 7.7 ·103 9.2 ·107 29.9 0.25
1.60 6.0 ·103 9.2 ·107 29.9 0.19

structures of the most relevant modes for 3 dif-
ferentAr and fluid pressure of 5.1 bar. Details of
the measurement conditions are given in Table 1,
where∆T denotes the temperature difference be-
tween the cooling and heating device and ṽin the
inflow velocity averaged over the inlet height. It
should be noted, that we restrict the discussion
to the structure of the POD modes and the time
averaged velocity fields. Hence, coherent struc-
tures are normalised by the maximal kinetic en-
ergy value and the time averaged velocity maps
by the maximal velocity. In the structure maps
zero is coded dark blue, the intermediate range
green and one is coloured red. For the sake of
visibility in the figures only every second vector
is plotted in each direction. The second part is de-
noted to the comparison between the powerspec-
trum of the outlet temperature time series and the
powerspectrum of the time coefficientζ

i
.

5.1 Coherent Structures

5.1.1 Mixed convection for Ar = 0.89

In the regime ofAr < 1 the flow is mainly domi-
nated by the inertia forces induced by the forced
convection. A jet of incoming air enters the cell
through in inlet at the top of the right side. It
follows the ceiling, detaches and descends at the
left sidewall, detaches again, flows parallel to the
bottom plate and splits in two parts. Then one
part follows the right sidewall towards the inlet
and the other one leaves the cell through the out-
let at the lower right side. The result is a nearly
2D mean wind rotating in opposite clockwise di-
rection with the core located in the centre of the
measurement plane as reflected in the time aver-
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aged velocity field shown in Figure 2a and the in-
stantaneous velocity fields (not shown here). Fig-
ure 2b reveals the coherent structure of the first
mode and is nearly congruent with the structure
of the time averaged velocity field.

Fig. 1 The convergence of the cumulative sum of
the energy eigenvalue and the normalised eigen-
values as function of the mode numbern for
Ar = 0.89.

From this it can be already concluded that in
terms of a best approximation the first mode re-
flects nearly the complete structure of the time
averaged velocity field. This can made even more
clear if the energy eigenvalues shown in Figure 1
are considered. The inset in Figure 1 depicts the
normalised eigenvalues as function of the mode
number n for the 50 first modes. Both axes
are scaled logarithmically and the non-relevant
eigenvalues are marked by the regression line,
which in the literature is called noise level. It can
be clearly detected that just the first mode (repre-
sents 86 % of the total energy) is above this noise
level. Already the second mode contains merely
about 1.1 % of the total energy and can be related
to the non-relevant eigenvalues. Additionally, the
convergence of the normalised cumulative sum of
the eigenvalues is plotted in Figure 1. The figure
reveals that only the sum of the 6 first modes al-
ready represents 90 % of the total energy. Both,
coherent structure and eigenvalues show that the
flow in the measurement plane is dominated by

Fig. 2 Coherent and flow structures forAr =
0.89. (a) Top: Time averaged velocity field. (b)
Bottom: Coherent structure of the first mode.
The magnitude is normalised. Zero is coded dark
blue, the intermediate range green and one is
coloured red.

forced convection and the influence of the free
convection is nearly negligible.

5.1.2 Mixed convection for Ar = 1.24

For the caseAr = 1.24 the flow is related to the
regime of mixed convection. Figure 4 reveals the
structure of the time averaged velocity field in the
measurement plane. It is observed that the flow is
still dominated by nearly the same role structure
as that obtained forAr = 0.89. But by increasing
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the proportion of the buoyancy-induced motion
the centre of the role structure is shifted to the left
and thus a break in the symmetry can be found.

Fig. 3 The convergence of the cumulative sum of
the energy eigenvalue and the normalised eigen-
values as function of the mode numbern for
Ar = 1.24.

Fig. 4 PIV results for time averaged velocity vec-
tor field for Ar = 1.24. The magnitude is nor-
malised. Zero is coded dark blue, the intermedi-
ate range green and one is coloured red.

Analysing the coherent structures of the first two
modes (Figure 5) it is found that the structure of
the first mode (Figure 5a), which represent 67 %

Fig. 5 Coherent structures obtained by POD for
Ar = 1.24. Top: (a) First mode. Bottom: (b) Sec-
ond mode. The magnitude is normalised. Zero
is coded dark blue, the intermediate range green
and one is coloured red.

of the total energy, is nearly concurrent with the
time averaged velocity field. In addition to the
first mode further modes are becoming relevant
as shown in the inset of Figure 4. The figure
presents the normalised eigenvaluesλn as func-
tion of the mode numbern of the 50 first modes
(both axes are scaled logarithmically). It is re-
flected that the eigenvalue 1 to 8 are above the
noise level. Particularly the two first eigenvalues
are exceeding the noise level.

The structure of the second mode is depicted
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in figure 5b. It is mainly oriented vertical and
most of the energy is located at the center and
lower left region. This structure represent the
buoyancy induced motion of the rising and de-
scending flow. Additionally, it seems that the
flow becomes more complex since: (i) the cu-
mulative sum of the 100 first eigenvalues equals
90 % of the total energy and (ii) a lower conver-
gence of the normalised cumulative sum of the
eigenvalues (Figure 3) is obtained.

5.1.3 Mixed convection for Ar = 1.60

Finally, the structures forAr = 1.6 are discussed.
For thisAr it is still the regime of mixed convec-
tion whereas the buoyancy-induced motion is be-
coming dominant. Figure 7 shows the time aver-
aged velocity map. The predominantly symmet-
ric role structure obtained for lowerAr is totally
broken. Instead a role structure with one centre
located near the centre of the measurement plane,
a bimodal structure with one centre in the lower
centre region and the other one in the upper left
region, has developed.

Fig. 6 The convergence of the cumulative sum of
the energy eigenvalue and the normalised eigen-
values as function of the mode numbern for
Ar = 1.60.

The POD provides several relevant eigenval-
ues which exceed the noise level (Figure 6). In
addition, the energy of the first mode decreases to
35 % and the second increases to 24 % of the total

Fig. 7 PIV results for time averaged velocity vec-
tor field for Ar = 1.60. The magnitude is nor-
malised. Zero is coded dark blue, the intermedi-
ate range green and one is coloured red.

energy. Further considering the coherent struc-
ture of the first mode (Figure 8a) similarities with
the time averaged velocity field can be found. But
instead of the structure given in the time aver-
aged velocity map (Figure 7), for the coherent
structure of the first mode a role structure with
one centre located near the centre of the mea-
surement plane is detected. This structure can
be related to the inertia-induced motion, which
despite of the structure of the second mode (Fig-
ure 8b) can be related to the buoyancy-induced
motion. The structure is primarily vertical ori-
ented and the main kinetic energy of this mode
is located at the centre of the left side. In ad-
dition to the two first modes further modes with
energy eigenvalues representing more than 5 %
of the total energy are observed. It seems that
this modes represent the oscillation of the air jet
at the inlet (Figure 9). Considering the instanta-
neous velocity maps it can be concluded that the
wall jet at the ceiling starts to oscillate strongly.
Due to this oscillation the jet detaches at different
ceiling positions, sometimes already shortly after
entering the cell. For thisAr the mean wind de-
pends strongly on the dynamics of the incoming
wall jet, that in turn is influenced by the falling
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Fig. 8 Coherent structures obtained forAr =
1.60. Top: (a) First mode. Bottom: (b) Sec-
ond mode. The magnitude is normalised. Zero
is coded dark blue, the intermediate range green
and one is coloured red.

plumes at the ceiling.
Therefore it can be concluded that for the

case ofAr = 1.6 a significant increase of eigen-
values which exceed the noise level can be iden-
tified. The eigenvalue of the first mode represent-
ing the inertia-induced motion decreases strongly
and the eigenvalue of the second mode represent-
ing the buoyancy-induced motion increases. Due
to the larger buoyancy force the role structure is
broken and a bimodal structure is formed.

Fig. 9 Coherent structures obtained forAr =
1.60. Top: (a) Third mode. Bottom: (b) Fourth
mode. The magnitude is normalised. Zero is
coded dark blue, the intermediate range green
and one is coloured red.

5.2 Dynamics of the coherent structures

In the following section the discussed dynamics
of the coherent structures for the casesAr = 1.24
and Ar = 1.6 will be correlated with the outlet
temperature time series̃Tout = Tout − T in (for
both cases the standart derivation ofT in is 0.02
K). ExaminingT̃out for Ar = 1.24 an periodic os-
cillation in the time signal is observed. The mean
level of this oscillation is about 304.61 K, the am-
plitude about 0.11 K and the frequencyf = 0.008
Hz. This low frequency oscillation can be also
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identified in the powerspectra of the time coeffi-
cient P(ζi(t)) of the first three modes (Figure 10).

Fig. 10 Normalised powerspectrumP of the out-
let temperature time series and the powerspec-
trum of ζ

i
for the first three modes atAr = 1.24.

Fig. 11 Normalised powerspectrumP of the out-
let temperature time series and the powerspec-
trum of ζ

i
for the first three and the sixth modes

atAr = 1.6.

Moreover a phase relation between P(ζi(t))
for the first three modes has been found. Anal-
ogously to the caseAr = 1.24 a low frequency
oscillation ofT̃out with f ≈ 0.002 Hz for the first
three modes ofAr = 1.6 is observed (fig. 11).
Unlike for Ar = 1.24 an additional mode P(ζ6(t))
with the same frequency occurs. Just as for the

caseAr = 1.24 and forAr = 1.6 between mode
i = 1,2,3,6 a fix phase relation exists.

This results yield the assumption that in the
measurement plane a recurrent phase related flow
condition exists. As a consequence temperature
oscillations at the cell outlet have been found.
Additionally it can be assumed that in thisAr-
regime the oscillation is caused by superpostion
of two different role structures. One is induced
by forced convection which can be identified in
the time averaged velocity maps presented (Fig.
2a, 4). Additionally role structures are formed
in longitudinal direction induced by thermal con-
vection. Hot air rises at the front and back plate
of the cell and in the middle region in longitu-
dinal direction cool air is descending. Depending
on the given aspect ratio two oppositionally rotat-
ing convection roles are developing. These role
structures formed by thermal convection have
been also found applying stereo PIV. Due to the
limited space these results are not shown here and
will be published elsewhere.

6 Conclusion

Mixed convection using pressurised air as work-
ing fluid has been experimentally investigated in
a rectangular container. Using POD, coherent
structuresΦi(x) with the related time coefficient
ζ

i
(t) and the eigenvaluesλi have been calculated

for three flow cases with differentAr. Compar-
ing these coherent structures with the structure of
time averaged velocity maps and analysing the
eigenvalues it is found that with increasingAr
an increase of the number of energy eigenvalues
exceeding the noise level can be observed. Par-
ticularly, in the case dominated by forced con-
vection (regime ofAr = 0.89) only one eigen-
value exceeds the noise level. In addition it can
be remarked that the eigenvalues of the mode
mainly related to the inertia-induced motion de-
crease from 86 % to 35 % of the total energy in
the regimeAr = 0.89− 1.6. This is in contrast
to the buoyancy-induced motion related mode
which increases. While atAr = 0.89 the influ-
ence of buoyancy-induced motion is negligible
the eigenvalue of this mode increases to 24 %
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of the total energy forAr = 1.6. Further due
to the increasing buoyancy force the flow struc-
ture of the time averaged velocity map changes
from a nearly two dimensional role structure to
a bimodal structure which has been found for
Ar = 1.6.

Additionally the spectra of the time coeffi-
cientζ

i
(t) and the outlet temperature time series

were shown. Comparing the spectra for the cases
Ar = 1.24 andAr = 1.6 concurrent resonance fre-
quencies for several modes have been observed.
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