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Abstract
We carried out an experimental study on the moisture transfer and the heat transport in warm and humid air flows between the 
cabin lining and the fuselage skin. The measurements were performed in a rectangular gap channel, representing the space 
between fuselage and cabin wall. Long-term measurements were performed for three configurations: without insulation, 
with fibreglass blanket and with melamine resin foam blanket. To simulate realistic flight conditions in a laboratory setup, 
we applied a concept of scaling. This concept is intended to guarantee similitude between the real flight conditions and the 
laboratory experiment. The results reveal that without insulation, the moisture transfer rate is much higher compared to the 
configurations with insulation blankets. With insulation, most of the water evaporates during ground conditions and just a 
small amount is entrapped in the insulation. Without insulation, just a small part of the frozen water evaporates on the ground. 
When comparing the two insulation blankets, it is found that they both have a similar heat transmittance coefficient. However, 
the condensation rate of the water and the resulting accumulation of water are significant, higher for the fibreglass blanket.
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Abbreviations

Greek
�	� Heat transfer coefficient ( W/m2 K)
�	� Thermal expansion coefficient (1/K)
��	� Vapour density gradient ( kg/m2)
�	� Thermal conductivity (W/m K)
�	� Mean passing time (s)
�	� Dewpoint temperature (K)
�	� Fluid density ( kg/m3)
�v	� Vapour density ( kg/m3)

Latin
𝛥Ṁv	� Vapour mass transfer due to phase transition (kg/s)
�T 	� Characteristic temperature difference (K)
Ṁ	� Mass flow (kg/s)
Q̇l	� Latent heat flux due to phase transition (W)

Q̇s	� Sensible heat flux (W)
V̇ 	� Volume flow ( m3∕s)
�	� Characteristic length (m)
�	� Velocity vector (m/s)
A	� Surface area ( m2)
AD	� Diffusion area ( m2)
cp	� Specific heat capacity (J/Kg K)
D	� Diffusion coefficient ( m2∕s)
d	� Thickness (m)
Dh	� Mean inflow velocity ( m2)
g	� Gravitational acceleration ( m/s2)
H	� Height of the duct (gap) ( m2)
Hv	� Enthalpy of evaporation (J/kg)
k	� Heat transmission coefficient ( W/m2 K)
L	� Length of the cooling plate (m)
p	� Pressure (Pa)
T	� Temperature (K)
t	� Time (s)
U	� Characteristic velocity (m/s)
Uin	� Mean inflow velocity (m/s)
W	� Width of the cooling plate (m)

Subscripts
air	� Airflow
b	� Bulk
CHS	� Capacitive humidity sensors
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d	� Droplet surface
DPM	� Dew point mirror
f	� Fuselage
i	� Insulation
in	� Inlet section
l	� Laboratory conditions
out	� Outlet section
r	� Real flight scenario
sat	� Saturation
t	� Test section
w	� Water

1  Introduction

The ventilation of a commercial aircraft cabin faces the chal-
lenge of maintaining a healthy and comfortable environment 
and meeting the requirement of being as energy-efficient 
as possible. With the aim to provide both well-being of the 
passengers and energy efficiency, several concepts of air-
craft cabin ventilation were introduced in the last decades. 
A plethora of experimental and numerical studies have been 
performed to characterise the velocity and temperature dis-
tribution in aircraft cabins [1–3]. Further studies investigated 
novel and alternative ventilation concepts under the aspect of 
ventilation efficiency or thermal comfort [1, 4, 5].

Nowadays, mixing ventilation [6, 7] is the common prac-
tice in passenger aircraft. Mixing ventilation is characterised 
by cold air which enters the cabin near the luggage compart-
ments at the ceiling and warm air being drawn off near the 
cabin floor. The interaction of the faster moving incoming 
air with the slower natural convection, induced by the pas-
sengers, leads to a mixing of the hot and cold air flow. Dur-
ing the flight, the moisture emitted by the passenger mixes 
with the cabin air. The largest amount of the moist air leaves 
the cabin through the outlets near the cabin floor. A smaller 
amount of air enters the gap between fuselage and cabin 
wall due to leakage. Considering that at a typical altitude of 
11, 000m , the ambient temperature can be as low as −65◦ C 
[8], the temperature in the gap falls below the dew point and 
the vapour in the moist air condensates. Consequently, if the 
temperature is below the freezing point, the condensation 
water freezes. Since the state-of-the-art insulation blankets 
are made of fibreglass, which acts as a porous medium, the 
condensation water accumulates in the fibre glass blankets. 
For a commercial passenger plane on a long-haul flight, it 
has been reported that up to 680 kg [9, 10] of water accumu-
lates in the insulation packages due to leakages between the 
gap and the cabin. As a result, the soaked blankets reinforce 
shell corrosion, reduce the thermal insulation, worsen the 
noise reduction performance and increase fuel consumption. 
All these effects either generate additional costs or nega-
tively impact the well being of the passengers.

Considering alternative ventilation concepts like dis-
placement ventilation [11–13] in combination with its so-
called active gap flow, where the moist cabin air returns 
through the gap between fuselage and cabin wall, the effect 
of condensation and thus the accumulation of water in the 
insulation packages can be even higher. Characteristic for 
displacement ventilation is that the cold air enters the cabin 
close to the floor, is heated up by the passengers where it 
rises due to buoyancy. In the following, the rising air heats 
up even further and mixes with the moist air emitted by the 
passengers and leaves the cabin in the area above the luggage 
compartments. From there on, the air cools down again and 
descends in the gap between fuselage and cabin wall.

Taking into account that the entire warm and moist cabin 
air passes the gap between fuselage and the cabin wall, the 
consequences for the heat transport and mass transfer due to 
phase transition are not unknown. With regard to the active 
gap flow for displacement ventilation, it is known that the 
temperatures in the gap are higher than for mixing ventila-
tion without gap flow. Furthermore, the air humidity, respec-
tively, the vapour mass flow, is larger. These two competing 
effects can result in a higher or lower condensation rate. 
Studying the state-of-the-art mixing ventilation, Zhang et al. 
[14] report that an additional stream of warm air in an air 
channel between the primary insulation and the cabin wall 
effectively increases the insulation of an aircraft. However, 
in the case of the active gap flow, the increased mass flow 
of vapour might result in higher condensation rates, and 
thus more condensation water accumulates in the insulation 
blankets. The consequence is a weaker thermal insulation 
effect. Moreover, due to the very low ambient temperatures 
during the cruise flight, the condensation water freezes and 
the growing ice layer might lead to an obstruction of the air 
channel. On the contrary, the additional warm air stream 
improves the insulation and thus reduces the condensation 
rate. It must be noted that the air stream barrier in the gap 
could even make an insulation redundant.

The above-mentioned overview reveals the uncertainties 
of an active gap flow regarding thermal insulation efficiency 
and safety aspects as well as the potential to improve the 
aircraft insulation. However, the interaction of convective 
air flow, mass diffusion and latent heat due to phase transi-
tion makes a valid prediction of the impact on the insulation 
impossible. With the objective to determine whether it is 
possible to realise concepts like displacement ventilation in 
combination with active gap flow in a commercial passenger 
aircraft, we performed an experimental study on the heat 
transport and mass transfer in a generic gap representing 
the area between the fuselage and the cabin wall for three 
different configurations: without an insulation blanket, with 
an insulation blanket made of fibreglass (common) and one 
made of melamine resin foam. Moreover, to simulate real-
istic flight conditions in a laboratory setup, we introduced 
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a concept of scaling. This concept provides similitude of 
the heat transport and mass transfer for laboratory and real 
flight conditions.

2 � Model equations, similitude and scaling

The physical processes of the resulting heat transport and 
mass transfer of the moist air flow in the gap are deter-
mined by the mutual interplay of forced convection, phase 
transition and vapour mass diffusion. With the objective to 
identify the system-relevant parameters and mechanisms, 
a survey of the processes of convective air flow with phase 
transition and diffusion for the present configuration is intro-
duced. Based on this analysis, a concept of scaling allowing 
to perform flight measurements in a laboratory by simulating 
a real flight under the conditions of similitude is developed.

2.1 � Convective air flow with phase transition

Figure 1 illustrates the physical processes in a simplified 
configuration representing the gap between the fuselage and 
the cabin wall of an aircraft for the climb, cruise, descent 
and ground period. The following characterisation focuses 
on the processes of condensation, freezing and deposition. 
However, it is similar for evaporation, melting and sublima-
tion. The differences in comparison with the processes of 
condensation, freezing and deposition will be discussed at 
the end of this section.

On the left-hand side is a vertically oriented cooled bound-
ary representing the fuselage of an aircraft. Above this bound-
ary is the layer of phase transition in which the fluid tempera-
ture is below the dew point (coloured light blue) and droplets 
of the condensation water occur. In addition, the dashed grey 
line represents the boundary where the fluid temperature 
equals the saturation temperature. The orange-coloured layer 
represents the insulation blanket. On the right-hand side of 
the insulation blanket is the gap of the moist air flow. In the 

experimental setup, moist air with a constant dew point tem-
perature �in enters the gap at the top and moves downwards. 
Additionally, the velocity profile �u∕�x is highlighted in grey. 
Taking into account that the fluid temperature is always higher 
than the temperature of the wall on the left side, this leads 
to the conclusion that the moist air is cooling down. If the 
fluid temperature falls below the dew point, water condensates 
and if the temperatures is below the freezing point, the water 
freezes and an ice layer is formed. As a consequence, latent 
heat is released due to phase transition. The corresponding 
heat flux due to phase change is

where 𝛥Ṁv denotes the mass transfer due to phase transition 
and Hv the enthalpy of evaporation. The primary mass trans-
fer takes place directly on the cooled wall and a smaller part 
of vapour already condensates in the fluid. As a result of the 
phase transition in the air, large density gradients develop 
locally, resulting in localised convective flow in the bound-
ary layer above the cooled wall. Furthermore, the tempera-
ture difference between the cooled wall Tb and the air flow 
T∞ leads to an additional convective heat transport Q̇c . In the 
present case, we assume that the buoyancy forces are much 
smaller than the inertia forces. Hence, the heat transport is 
determined by forced convective flow. If the gap is addition-
ally equipped with an insulation blanket, the sensible heat 
flux between the gap flow and the fuselage

depends on the temperature difference �T = Tb − Tf between 
the mixing temperature and fuselage temperature, the area of 
the fuselage surface Af and the heat transmission coefficient

(1)Q̇l = 𝛥 Ṁv Hv,

(2)Q̇s = k Af 𝛥T ,

(3)k =

(

∑

j

(

1

�
j

i

)

+
di

�i
+

df

�f

)−1

.

Fig. 1   Illustration of heat 
transport, mass transfer due 
to phase transition and vapour 
diffusion in a gap wind tunnel 
with insulation blanket in case 
of condensation: temperature 
gradient (red), velocity profile 
(grey) and diffusion gradient 
(blue). The insulation material 
is coloured yellow, and the area 
where the fluid temperature is 
below the dew point is coloured 
light blue
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The transmission coefficient is determined using the heat 
transfer coefficients of the interfaces �j

i
 , the thickness of 

the water or ice layer (droplets) at the cooled boundary df 
and the insulation material di as well as the corresponding 
thermal conductivity �f and �i , respectively. As a result, a 
temperature profile between the moist air flow and the fuse-
lage develops (Fig. 1, red). Furthermore, Ti denotes the tem-
perature at the interface of the insulating material, Tsat the 
saturation temperature, Tw the temperature at the surface of 
the water or ice agglomerations and Tf the temperature of the 
fuselage. In addition, a vapour pressure gradient and thus, a 
density gradient of ��v∕�x develops due to the phase transi-
tion on the fuselage. The result is a diffusive mass transfer 
of vapour

where D denotes the diffusion coefficient of vapour, AD the 
diffusion area, � the surface normal vector, and �v the vapour 
density. Moreover, we assume that the mean vapour den-
sity in the gap is almost constant for a time period longer 
than the other relevant time scales of the system and the 
phase transition primarily takes place in the layer between 
the fuselage and the primary insulation. In this case, the 
vapour density between the primary insulation and fuselage 
is always less or equal to the vapour density in the bulk. The 
resulting density gradient leads to a vapour mass flow from 
the bulk through the insulation blankets, where a part of 
the vapour condensates and remains. Hence, the insulation 
blanket determines the heat transport as well as the diffusive 
vapour flow in the present configuration.

The characterisation of the physical processes described 
above is discussed exemplarily for the heat and mass transfer 
during the cruise and climb period regarding condensation, 
freezing and deposition. However, in particular, in case of 
the descent and the ground period, if the temperature in the 
gap is above the freezing point or the temperature exceeds 
the dew point, the ice melts or sublimates and water evapo-
rates. In case of sublimation and evaporation, the process of 
heat transport and mass transfer is similar. But in contrast to 
condensation, freezing or deposition, heat is consumed. As a 
consequence, the direction of the heat transfer and the diffu-
sive mass transfer is reversed. Significant differences can just 
be found in case of melting. Here, the melting water drains 
on the vertically oriented fuselage. Therefore, an enhanced 
heat transfer on the wall is observed [15] caused by the addi-
tional fluid flow on the fuselage surface. The difference of 
the local heat transfer coefficient can amount to 15%. The 
difference of the global heat transfer for the present con-
figuration is certainly less than 1% and hence the effect is 
negligible for the global heat balance.

In the following, we consider the working fluid as a 
one-phase gas mixture with the exception of the terms 

(4)Ṁv = −DAD ∇𝜚v�,

representing the latent heat. Hence, the vapour proportion of 
the moist air is just taken into account in the energy equation 
regarding the latent heat release or consumption. In addition, 
the air is assumed as incompressible. Based on this assump-
tion, the system is characterised by the continuity equation, 
equation of motion and energy equation [16]:

In Eqs. (5)–(7) and in the following, the subscript v denotes 
the fluid properties of the vapour and none of the indices 
relates to the moist air properties. The fluid properties are 
the density � , the kinematic viscosity � , the specific heat 
capacity cp , the thermal conductivity � , the heat expansion 
coefficient � , the enthalpy of evaporation Hv and the diffu-
sion coefficient D. Further, t is the time, � the velocity vec-
tor, p the pressure, and T the temperature. In addition, the 
equation of motion (Eq. 6) includes the term for the buoy-
ancy force per volume unit �b = ��g�z due to temperature-
induced density gradients.

Assuming that the spatial gradient of the vapour den-
sity corresponds to the vapour mass diffusion and that the 
incoming vapour density is constant, the term of the latent 
heat in Eq. (7) can be substituted by D�v∕Dt = D∇2�v . 
Furthermore, steady-state conditions can be considered for 
the cruise and ground period as well as for the climb and 
descent period. In case of the climb and descent, the change 
of the density is ��∕�t ≈ 2 × 10−4 kg∕m3s . In addition, for 
the present configuration and parameter range, the criteria 
for the application of the Boussinesq approximation [17] 
g𝜌𝛽 ≪ 1 , g𝛼L∕cp ≪ 1 and g𝛼L∕cp𝛥T ≪ 1 are valid. Hence, 
density differences, except where they appear in terms with 
acceleration due to gravity, are negligible. As a result, we 
obtain a set of dimensionless equations:

Here, ∇� = 1∕� ∇ , T � = T∕�T , �� = 1∕U � , ��
v
= �v∕� , and 

p� = p∕(U2 �) , where � represents the characteristic length, 
�T  the characteristic temperature difference, and U the 
characteristic velocity. Now, the system is characterised by 

(5)
D�

Dt
= −�∇�,

(6)�
D�

Dt
= −∇p + �∇2

� + �b,

(7)� cp
DT

Dt
= �∇2T + �T

Dp

Dt
+ DHv ∇

2�v.

(8)∇�
�
� = 0,

(9)�
�∇�

�
� = −∇�p� +

1

Re
∇�2

�
� +

1

Fr2
�z,

(10)∇�T � =
1

RePr
∇�2T � +

1

JaSh
∇�2��

v
.
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means of five non-dimensional numbers. An overview of 
the characteristic numbers, their definition and interpretation 
can be found in Table 1, where Uin is the mean inflow veloc-
ity, Dh is the hydraulic diameter, L is the test section length, 
�� = �out − �in is the density difference between the outlet 
and the inlet, �T = Tb − Tf is the temperature difference 
between the mean bulk temperature Tb = 0.5

(

Tin + Tout
)

 
and the cooling plate temperature, 𝛥Ṁv is the vapour mass 
transfer due to phase transition, H is the height of the gap, 
Af = L ×W is the area of diffusion and �v is the vapour den-
sity difference between the boundary layer above the cooling 
plate and the mean vapour density of the gap flow.

Based on this set of characteristic numbers (Table 1), the 
following concept of scaling is proposed.

2.2 � Concept of scaling

A major objective of the present study is to determine the 
effect of two different insulation blankets on the heat trans-
port and mass transfer due to phase transition in a laboratory 
experiment simulating real flight conditions. One require-
ment to guarantee the latter is that the dimensionless num-
bers, realised in the laboratory are similar to the numbers 
obtained for a real flight. Of course, for such a complex sys-
tem, the scaling must be done with care. Hence, it is advis-
able to adjust parameters as little as possible. The parameters 
which can be varied are the volume flow of the air V̇  , the 
inflow velocity Uin , the inflow temperature Tin , the dew point 
of the air flow at the inlet �in , the vapour mass flow Ṁin 
and the temperature of the cooling plate Tf representing the 
fuselage temperature of an aircraft.

For the present study, the temperature of the cooling 
device, the air inflow temperature and the dew point tem-
perature of the air inflow have to be adjusted to estimate the 
mass transfer and heat transport in case of realistic flight 
conditions. The temperature has to be adjusted due to tech-
nical restrictions. Our cooling unit does not provide the 
low temperature of the fuselage Tf = −35.0 ◦C prevailing 
during cruise flight. In case of the laboratory experiments, 
only a temperature of T (l)

f
= −26.5 ◦C is feasible. To obtain 

similitude, the temperatures were adjusted by �T = + 8.5 ◦C . 
In the following, the indices (l) and (r) denote the values for 
the laboratory and the real flight scenario, respectively. As 
a consequence, the total temperatures differ. Nevertheless, 
the characteristic temperature differences are similar for the 
real flight and for the laboratory experiments, since a similar 
Jacob number is obtained for both cases. However, the tem-
perature adjustment results in different densities of the fluid 
for both cases. With the aim to reach similitude for the Reyn-
olds number and Froude number, the volume flow is scaled 
by the factor �(l)

in
∕�

(r)

in
 . This scaling factor considers the lower 

ambient pressure during the flight. The Prandtl number is 
inherently similar. Finally, the scaling of the mass transfer 
due to phase transition must be addressed. For this purpose, 
an additional study [18, 19] was performed. The objective 
of the studies was to find out how the dew point differences 
between the inlet and the outlet �� = �in − �out and thus 
the moisture transfer scale, if the absolute temperatures 
change and the characteristic temperature differences are 
constant. For the present configuration, it turned out that the 
dew point difference as well as the temperature difference 
�T = Tm − Tf are constant, while the absolute temperatures 
vary. As a result, the dew point of the inflow is adjusted in 
the same manner as the temperatures ��s = + 8.5 ◦C . Based 
on these findings, the scaling concept of the mass flow is 
defined as follows.

For the present measurements, the vapour mass flow is 
determined by the dew point, the inflow temperature and 
the volume flow (for details see Sect. 3). The re-scaled dew 
point and inflow temperature at the gap inlet for realistic 
flight conditions are consequently �(r)

in
= �

(l)

in
− ��s and 

T
(r)

in
= T

(l)

in
− �Ts . Based on the re-scaled dew point �(r)

in
 and 

air temperature T (r)

in
 at the inlet of the gap wind tunnel, the 

vapour pressure p(r)v  is determined by means of the rela-
tions of Sonntag [20]. As a consequence, the corresponding 
vapour density �(r)

v, in
 is defined as:

where Rv is the specific gas constant and the vapour mass 
flow Ṁ(r)

v, in
 at the gap inlet corresponds to:

Furthermore, the re-scaled dew point at the outlet is:

Since �T (l) = �T (r) , the re-scaled temperature at the outlet is:

(11)�(r)
v

=
p
(r)
v

Rv T
(r)
,

(12)Ṁ(r)
v

= 𝜚(r)
v
V̇ .

�
(r)

out = �
(r)

in
+ (�

(l)

in
− �

(l)

out).

T
(r)

out = 2
(

�T (l) + T
(r)

f

)

− T
(r)

in
.

Table 1   List of characteristic numbers including their definition and 
physical interpretation

Name Definition Physical interpretation

Reynolds number Re =
UDh �

�
Inertia to viscous forces

Prandtl number Pr =
�cp

�
Viscous to thermal diffusion rate

Froude number Fr =
U

√

��∕� g L
Inertia to gravitational forces

Jakobs number Ja =
�T cp

Hv

Sensible to latent heat

Sherwood number Sh =
𝛥ṀvHv

AfD𝛥𝜚v

Mass transfer to mass diffusion
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The corresponding vapour density �(r)v,out and mass flow Ṁ(r)

v, out 
at the outlet is derived from Eqs. (11) and (12). Finally, the 
re-scaled mass transfer due to phase transition is:

For the present configuration, the vapour density gradient 
��v between the bulk and the layer between fuselage and 
the insulation blanket is determined by the mass transfer 
due to phase transition 𝛥Ṁv . Moreover, the vapour density 
gradient depends linearly on the mass transfer 𝛥Ṁv . Hence, 
we can assume that the ratio of the mass transfer and vapour 
density 𝛥Ṁv∕𝛥𝜚v is similar for the real flight and for the 
laboratory conditions. As a result, the Sherwood number 
is similar as well. The here introduced concept of scaling 
provides similitude between real flight tests and laboratory 
measurements. Based on this concept, the results of the labo-
ratory measurements are re-scaled. Hence, in the following, 
all results are related to the re-scaled values representing the 
estimated heat transport and mass transfer for the realistic 
flight conditions.

Concluding, we briefly discuss the limitations and restric-
tions as well as the advantages of the above-described scal-
ing. Inherently, an important advantage of the concept is that 
measurements can be performed in a laboratory with signifi-
cantly reduced technical and monetary effort in comparison 
with flight tests. Furthermore, the non-dimensional charac-
terisation allows to compare results based on the dimension-
less numbers whether the parameter range of the physical 
properties are similar or not. However, we are aware of the 
limitation and restrictions of the concept. One problem is 
the fact that the freezing point does not scale. In comparison 
with an unscaled flight scenario, a temperature adjustment of 
�T = + 8.5 K for the scaled laboratory configuration has the 
consequence that during the climbing period, the water on 
the cold surface starts to freeze 10 min earlier and during the 
descent period the frozen layer starts to melt 10 min later. 
As a consequence, more condensation water freezes on the 
inner surface of the fuselage resulting in a thicker ice layer. 
The higher layer is an additional insulation and leads to a 
lower heat transfer on the cold surface and thus to a lower 
mass transfer due to phase transition. An exact quantifica-
tion of the additional water mass due to phase transition is 
not possible. However, for the present study, an estimation 
of the potential increase of the total water mass is less than 
4% of the total water mass. Another aspect, which is not 
take into account for the concept of scaling, is the effect of 
the temperature adjustment on the sorption behaviour of the 
insulation blankets. The sorption of porous media is charac-
terised by means of the sorption isotherm, which is a func-
tion of temperature and relative humidity. An estimation, 
based on the technical report [21], shows that the scaling of 
the temperature leads to a variance of less than 1% of the 

(13)𝛥Ṁ(r)
v

= Ṁ
(r)

v, in
− Ṁ

(r)

v, out.

water mass in the blanket. Regarding the relative humidity, 
no impact is expected since the relative humidity is similar 
for the real flight scenario and the laboratory setup. Hence, 
the temperature and the dew point adjustments should have 
no significant effect on the maximum water intake of a 
porous medium.

3 � Experimental setup

The experimental studies of heat transport and mass transfer 
due to phase transition for an active gap flow were performed 
in a gap wind tunnel. It is a strongly simplified generic con-
figuration, representing the gap between the fuselage and 
the cabin wall in an aircraft. The gap wind tunnel is a verti-
cally orientated, cooled from one side duct with a rectangu-
lar cross-section. Figure 2 depicts the supply air system, a 
sketch of the gap wind tunnel, and the corresponding bound-
ary conditions and dimensions.

A flowchart summarising the components of the supply 
air system and the test facility (left), a sketch of the gap wind 
tunnel (right), together with the corresponding boundary 
conditions and dimensions (bottom) of the setup is depicted 
in Fig. 2. The sketch in Fig. 2 (right) reflects the three sec-
tions of the wind tunnel. An inlet section with a length of 
Lin = 1500mm ( 30 × H ), guarantees a fully developed and 
homogeneous inflow at the inlet of the test section. Further-
more, the test section is equipped with an outlet section at 
the end. The length of the outlet is Lout = 500mm . It pro-
vides a homogeneous and undisturbed outflow. All side walls 
are thermally insulated to obtain nearly adiabatic bound-
ary conditions. The length of the test section amounts to 
Lt = 2050mm . One side of the test section is isothermally 
cooled, and the other side walls are insulated. The dimen-
sions of the gap wind tunnel represent a segment corre-
sponding to the gap between the fuselage and the cabin wall 
of an aircraft. Two different configurations were studied, 
one with and one without insulation blankets. One blanket is 
made of fibreglass and complies with the standard insulation 
blankets nowadays used as primary insulation in an aircraft. 
The other one is an insulation blanket made of melamine 
resin foam with the type designation Basotect UF. Melamine 
resin foam consists of a formaldehyde–melamine–sodium 
bisulfite copolymer and is open-celled duromere. Both insu-
lation blankets have the same state of the art foil. The insula-
tion blankets have a height of Hi = 50mm and the width as 
well as the length correspond to those of the wind tunnel. In 
case of the configuration with insulation, the total height of 
the duct is H = 100mm and for the configuration without 
insulation the height is H = 50mm . Hence, the height of 
the gap for the air flow is H = 50mm for all three configu-
rations. Furthermore, both insulation blankets are covered 
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by a foil as used for standard insulation blankets without 
ventilation holes.

The supply air system consists of an air dryer, a vapour 
generator, a radial blower and a volume flow meter with an 
accuracy of 1% of the measurement value. The vapour gen-
erator works on the basis of ultrasonic vaporisers generating 
a saturated vapour in a closed box. In addition, the box is 
equipped with an speed-controlled fan. Depending on the 
fan speed, a defined vapour mass is blown into the mixing 
chamber. In the chamber, the vapour and the dried air are 
mixed. Moist air is sucked in by a radial blower to generate 
an air flow with a constant volume flow. Afterwards, the air 
flow is heated by a heater.

With the objective to determine the convective heat 
transport and mass transfer due to phase transition, the test 
facility is equipped with numerous resistance temperature 
detectors (RTD) made of platinum and capacitive humidity 
sensors (CHS). The function of the temperature sensors and 
the humidity sensors in the present configuration is twofold. 
Besides the determination of the inflow conditions, the sen-
sors are used to control the inflow humidity and temperature. 
The RTDs corresponds to the sensor class DIN B 1/3 which 
provides a measurement accuracy for the present parameter 

range of �T ≈ 0.11 K. Temperature measurements are per-
formed in the inlet and outlet of the test section as well as 
in the cooling plate. 23 RTDs are placed, homogeneously 
distributed, in the cooling plate to measure and control the 
simulated fuselage temperature Tf . The plate consists of alu-
minium with a system of pipes flown through by a liquid 
cooled or heated by a device with a heating power of 17 kW 
and a cooling power of 5 kW. Based on this configuration, 
we are able to provide isothermal boundary conditions with 
a spatial temperature distribution of less than 0.5 K . Three 
temperature sensors are installed in the supply air system 
at the beginning of the inlet section and shortly behind the 
outlet section of the wind tunnel, respectively. In addition, 
seven temperature sensors are positioned in the vicinity of 
the test facility to determine the ambient temperature. Based 
on the measurement of this temperature and the mean bulk 
air temperature Tb = 0.5(Tin + Tout) , the heat transfer through 
the insulated side wall Q̇sw is calculated.

The capacitive humidity sensors have the type designa-
tion Sensirion SHT75 with a measurement accuracy for 
the relative humidity of 1.8%. Ten humidity sensors are 
placed in the supply air system and in a mixing chamber 
behind the outlet section, respectively. To obtain a higher 

Fig. 2   Left side: flowchart of 
the system consisting of the 
supply air system, the gap 
wind tunnel and the measure-
ment components. Right side: 
schematic sketch of the gap 
wind tunnel. The tables list the 
dimensions and the boundary 
conditions

x

z
y

dry air vapour

mixing chamber

radial blower

heater

inflow
volume flow, dew point and
temperature measurement

test section

outflow
dew point and tem-

perature measurement

L

Lin

Lout

W

H

m
oi
st

ai
r
flo

w

inflow section

te
st

se
ct
io
n

outflow section

Dimensions
length test section L = 2050 mm
length inflow section Lin = 1500 mm
length outflow section Lout = 500 mm
width W = 533 mm
height H = 50 mm

Boundary condition
inflow/outflow section adiabatic
cooling plate isothermal
test section adiabatic



598	 A. Westhoff, C. Wagner 

1 3

accuracy prior to each measurement, the capacitive humid-
ity sensors are calibrated by means of two dew point mir-
rors. Each of the dew point mirrors has a dew point accu-
racy of 0.1 K . Hence, we obtain a linear relation between 
�CHS = a�DPM + b , the capacitive sensors and the dew 
point mirrors. In addition, the offset of the mean dew point 
temperature at the inlet and outlet section is determined. 
By means of this calibration procedure, the uncertainty of 
the dew point difference �� between the inflow and the 
outflow dew point is less than 0.1 K for all measurements.

Based on the supply air system, we are able to provide 
well-defined flow conditions of moist air regarding volume 
flow, temperature and humidity. In addition, the tempera-
ture and humidity sensors allow to determine the global 
heat flux and mass transfer due to phase transition. The 
mass transfer due to phase transition is calculated by the 
mass flow difference of the vapour

where Ṁ(in)
v  and Ṁ(out)

v  denote the vapour mass flow at the 
test section inlet and outlet, respectively. For vapour mass 
transfer, the calculated error, based on a error propagation 
including the calibration error of the CHS, the error of the 
volume flow measurement and the error of the temperature 
measurements, is amounts to approximately four percent of 
the corresponding 𝛥Ṁv for all measurements. Detailed infor-
mation about the error is given in the result section.

The global heat flux is given by

Here, Ṁair labels the mass flow of the moist air, cair
p

 the spe-
cific heat capacity, Q̇sw the heat loss through the side walls, 
and �Tt the temperature difference between mean tempera-
ture at the inlet �Tin and the mean temperature at the outlet 
�Tout . The fluid and vapour properties required to determine 
the mass transfer due to phase transition and the heat flux 
are obtained from equations which take into account the 
molar mass relation of the air vapour mixture. The latter are 
given in Tsilingeris [22].

(14)𝛥Ṁv = Ṁ(in)
v

− Ṁ(out)
v

,

(15)Q̇t = Ṁair c
air
p
𝛥Tt − Q̇sw.

4 � Mass transfer and heat transport

The effect of condensation, icing and evaporation on the heat 
transport and mass transfer was studied for the case of dis-
placement ventilation based on the so-called flight scenario 
Alaska. The boundary conditions of the Alaska scenario are 
summarised in [18, 23]. The Alaska flight scenario includes 
four periods: climb, cruise, descent and ground. The dura-
tion of the climb and that of the descent is 30��� , respec-
tively, the cruise is 180��� long, and the ground period 
lasts 45��� . Consequently, the total time is 285��� . The 
temperature and the humidity parameters for each period 
are listed in Table 2. In Table 2, the unscaled flight bound-
ary conditions are indicated in brackets and the values used 
for the experiments, adjusted on the basis of the concept of 
scaling (Sect. 2.2), are written without brackets. Here, we 
would like to point out that the temperature and the humidity 
reflect generic profiles compared to the much more complex 
profiles of a real flight.

The system is determined by the following four boundary 
conditions: volume flow V̇  , inflow temperature Tin , tempera-
ture of the fuselage Tf and humidity of the moist air at the 
inlet of the gap. For all flight periods, the volume flow of the 
moist air V̇ = 17.0 �∕� , which corresponds to the air exchange 
rate of one segment with a width of W = 0.533 m with an 
inflow temperature Tin = 32.5 ◦C , is constant. Furthermore, 
the two boundary conditions fuselage temperature and dew 
point temperature at the inlet of the test section are plot-
ted in Fig. 3. Here and in the following figures, the single-
flight periods are separated by the dashed lines. In case of 
the flight scenario Alaska, the scaled fuselage temperature 
(Fig. 3a) on the ground is Tf = −1.5 ◦C and the dew point 
temperature is �in = −1.2 ◦C . This corresponds to a rela-
tive humidity of RH = 10.6% . During the climb, the tem-
perature decreases linearly to Tf = −26.5 ◦C , while at the 
same time the dew point temperature increases linearly up 
to �in = 11.1 ◦C . During the cruise, the fuselage temperature 
and the dew point are constant. In the period of descent, the 
fuselage temperature increases linearly, and the dew point 
temperature decreases. At the end of this period, both tem-
peratures correspond to the temperature on ground. Based 
on this flight scenario, the mass transfer and heat transport 

Table 2   List of the scaled and 
real flight (brackets) boundary 
conditions for the scenario 
Alaska

Here, TOT is the total time as a function of the different stages of flight, Tf the temperature of the fuselage, 
RHin the relative humidity and �in the dew point temperature at the inlet of the test section

TOT (h:min) T
f
 (◦C) T

in
 (◦C) RH

in
 (%) �

in
 (◦C)

Climb 0:30 Linear Linear Linear Linear
Cruise 3:30 − 26.5 (− 35.0) 32.5 (24.0) 26.2 (25) 11.13 (2.63)
Descent 4:00 Linear Linear Linear Linear
Ground 4:45 − 1.5 (− 10.0) 32.5 (24.0) 10.6 (10) − 1.21 (− 9.71)
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for an active gap flow were studied for two different insula-
tion blankets and without any insulation material. Further-
more, with the aim to identify the long-term impact on the 
mass transfer and heat transport resulting from the water 
accumulation in the insulation blankets, measurements were 

performed for a sequence of five scenarios. Due to the much 
higher mass transfer in the case without insulation, measure-
ments were performed for only four scenarios.

Figure 4 shows the mass transfer due to phase transi-
tion 𝛥Ṁ as a function of time for a sequence of five flight 

Fig. 3   Flight scenario Alaska: 
a temperature of isothermal 
boundary representing the 
fuselage T

f
 and b the dew point 

temperature �
in

 at the inlet of 
the test section
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Fig. 4   Vapour mass transfer 
due to phase transition and 
boundary conditions as a func-
tion of time for the sequence 
of five flight scenarios: (1) + 
(2) vapour mass transfer for the 
measurement with insulation 
blankets and the corresponding 
relative error, (3) vapour mass 
transfer for the reference case 
without insulation, (4) tempera-
ture of the cooled surface, and 
(5) dew point temperature at 
the inlet
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scenarios. In total, the measurement time amounts to 
T = 1425��� with a mean passing time of the air through 
the channel of � = 3.2 s. The four flight periods are indi-
cated by the dashed lines, whereas a single flight is separated 
by the black lines. Figure 4-4, -5 depict the corresponding 
boundary conditions: temperature of the fuselage Tf and** 
dew point temperature at the inlet of the gap �in . Figure 4-
1, -3 reflect the mass flow as a result of the phase transition 
𝛥Ṁv normalised with the incoming vapour mass flow at the 
inlet of the gap Ṁin in percentage. The results obtained with 
fibreglass (red) and melamine resin foam (blue) are plotted 
in Fig. 4-1. The mass transfer in the case without insulation 
(black) is also shown in Fig. 4-3 for comparison. Please note 
that mass transfer due to condensation has a positive sign 
and evaporation a negative one. In addition, Fig. 4-2 illus-
trates the relative error 𝜎𝛥Ṁv

 of 𝛥Ṁv∕Ṁ
in
v

 in percentage. On 
average, the measurement error for the fibre glass blanket is 
3.9% × 𝛥Ṁv∕Ṁ

in
v

 and in case of the melamine resin foam it 
is 4.2% × 𝛥Ṁv∕Ṁ

in
v

 . Regarding the reference measurement 
with no insulation, the mean error (not shown in Fig. 4) is 
3.4% × 𝛥Ṁv∕Ṁ

in
v

.
The cases with the two insulation materials and with-

out insulation show a similar behaviour regarding the mass 
transfer. During the climb, the humidity increases and the 
temperature of the surface of the cooling plate decreases. 
As a consequence, the temperature on and above the cooled 
surface falls below the dew point temperature, and water 
condensates. In the case with insulation materials, the max-
imum of the heat transfer is observed already during the 
climb period. In contrast, for the case without insulation, 
the mass transfer reaches its maximum at the beginning of 
the cruise. Moreover, during this flight period the mass flow 
decreases, even though the fuselage temperature as well as 
the incoming vapour mass flow remain constant. This effect 
is even more pronounced in the case without insulation. 
The decreasing mass flow during the cruise is caused by the 
growing layer of frozen water on the cooling plate. However, 
the water does not freeze to a compact ice layer. Rather, a 
layer of frozen water comparable with rime (see also Fig. 6) 
is formed. This fact is of vital interest, since the layer of rime 
has a much higher heat resistance compared to a compact 
ice layer. As a result of the growing thickness of the rime 
layer on the cooling plate, the thermal resistance increases. 
Consequently, the heat transport between the air flow and the 
cooling plate decreases. Since the mass transfer due to phase 
transition is proportional to the heat transport, the mass flow 
decreases with increasing layer thickness. On the other hand, 
in the period of descent, the humidity decreases, while the 
fuselage temperature increases. As a result, the mass flow 
due to condensation decreases drastically until the frozen 
layer starts to melt and the water evaporates. However, the 
change of mass transfer in the case without insulation starts 
directly with the beginning of the descent. With insulation, 

the higher thermal resistance phase transition to set in later. 
Finally, on the ground, the rime layer melts further and the 
water evaporates.

Although the qualitative behaviour of the mass flow as a 
function of the periods is similar, there are significant quan-
titative differences for the cases with and without insulation 
blankets and also between the cases with the two different 
insulation blankets. Figure 4-1, -2 disclose that the mass 
flow of vapour 𝛥Ṁv due to phase transition is a magnitude 
higher without insulation than with insulation. For the 
period of condensation, the mass transfer 𝛥Ṁ amounts to 
20% of the incoming vapour mass flow Ṁin without insula-
tion. With insulation, the maximum mass flow amounts to 
approximately 2% of the vapour mass flow at the gap inlet. 
Although, this is not surprising, it underlines, however, the 
need for an effective insulation on the inner side of the fuse-
lage to avoid strong ice or rime agglomerations in the gap 
between fuselage and cabin. This is even more important 
in a real flight situation where the ambient temperature is 
below the freezing point on ground and the danger of a total 
closure of the gap exists.

Figure 5 depicts the cumulative mass:

of water in the gap as a function of time. Here, T is the time 
period and 𝛥Ṁ the mass transfer due to phase transition. The 
corresponding confidence interval of MH2O

 , calculated by 
error propagation, is depicted by the coloured area. Without 
insulation, the mass corresponds to the mass of the rime 
layer on the cooling device. With insulation, the main part 
of the water mass also corresponds to the rime layer. How-
ever, a smaller part is bound in the insulation blankets. Fig-
ure 5 (top) shows the total mass for the configurations with 
insulation blanket in comparison with Fig. 5 (bottom) with-
out insulation. Without insulation, the total water mass at the 
end of four flights is approximately MH2O

≈ 1700 � in con-
trast to the cases with insulation where the total water mass 
is 40 times less in case of the fibreglass and even 80 times 
less for the melamine resin foam. Moreover, the increase in 
the water mass for each f light is nearly constants 
�MH2O

= 465(1) without insulation. Furthermore, the mass 
ratio of water that evaporates M(−)

H2O
 to the vapour that con-

densates M(+)

H2O
 during one period is M(−)

H2O
∕M

(+)

H2O
= 10.3(4)% . 

This means that for one flight period, merely 10% of the 
water mass evaporates during the descent and on ground. 
Additionally, Fig. 4 reveals that the mass flow rate decreases 
during the ground phase. In summary, without insulation, 
we observe a constant increase in water mass, which forms 
a rime layer on the cooling plate. If we assume a density of 
300 kg/m3 for the ice on the surface for the measurements 
without insulation the rime layer would have an averaged 

(16)MH2O
= ∫T

𝛥Ṁdt,
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height of approximately 5 mm . However, the rime layer 
height is not homogeneously distributed. It is supposed that 
at the beginning of the gap the vapour mass transfer is higher 
than at the end of the gap. Hence, the rime layer has its 
maximum height at the beginning of the gap and the risk of 
a total closure, in particular, at the beginning of the gap, 
cannot be ruled out.

Since the main objective of the present work is to ana-
lyse the impact of the two insulation materials on the mass 
transfer and heat transport, the following discussion focuses 
on the differences observed during the experiments with the 
two insulation blankets made of fibreglass and melamine 
resin foam. To improve the understanding of the physical 
processes taking place in the gap, the growth of the rime 
layer as a function of time is illustrated in Fig. 6. The pho-
tographs present the cross-section of the gap equipped with 
a fibreglass insulation blanket. To obtain a better view of 
the area between the cooling plate and the insulation, the 
blanket was folded back on the right side. This area is high-
lighted by the red box. For the measurements of the mass 
transfer and heat transport, the blankets were accurately 
fixed with tape over the whole width. The photographs are 
numbered consecutively, and the corresponding time stamp 
is provided on the right side of each photograph. Picture no. 
(1) reveals the state at t = 0��� i.e. at the beginning of the 
climb. During the climb (photograph (2) and (3)), the rime 
layer is becomes bigger. The layer of frozen water grows 
even further during the cruise (photograph (4)–(15)) until 
the maximum height of the rime layer is reached at half time 
of the descent, as illustrated in photograph (16). Afterwards, 
the rime layer starts to melt and the water evaporates. This 
leads to a vapour-pressure difference between the air flow 

above the insulation and the layer above the cooling plate. 
Hence, vapour diffuses through the insulation blanket, while 
water remains in the blanket. At the end of the ground period 
(photograph no. (19)), the layer of frozen water between the 
cooling plate and the insulation blanket seems to be totally 
evaporated.

An analysis of the mass transfer (Fig. 4 (1)) indicates 
that the mass transfer is similar for both insulation materi-
als for the first two flights. For the following flights, the 
mass transfer due to condensation decreases in case of the 
melamine resin foam. As a result, we observe a weaker total 
mass increase in water with ongoing flights. How much the 
total mass differs is depicted in Figs. 5 (top) and 7a. Fig-
ure 5 (top) illustrates the total mass of water in the test sec-
tion. In particular, with the beginning of the third flight, we 
observe a clear elevated mass increase in water in case of 
the fibreglass (red). Hence, after five flights the total mass 
for the melamine resin foam corresponds to twice the mass 
obtained for the fibreglass. Furthermore, the total water mass 
increases almost linearly for the fibreglass (red) for all five 
flights, while the total water mass is nearly constant for the 
last three flights for the melamine resin foam (blue).

The corresponding mass increase for the individual flights 
�MH2O

 as a function of the flight number is illustrated in 
Fig. 7a. It is found that the mass increase during the two first 
flights differs by approximately 10% between the cases with 
the two insulation blankets. Beginning with the third flight, 
the total mass increase per flight decreases almost linearly 
in case of the melamine resin foam, while the mass increase 
remains almost constant for the fibreglass. During the fifth 
flight, the mass increase in case of the melamine resin foam 
is 𝛿MH2O

< 1 � , and the mass increase is eight times higher 

Fig. 5   Cumulative sum of the 
condensate water as solid or liq-
uid matter on the surface of the 
cooled boundary or bound to 
the insulation blanket as a func-
tion of time in case of insulation 
(top) and without insulation 
(bottom). The coloured areas 
reveal the corresponding confi-
dence interval
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for the fibreglass. The reason for this difference are the dif-
ferent structure of the insulation materials. While fibreglass 
blankets consists of fibres, the melamine resin foam is an 
open-celled duromere. The melamine resin foam with its 
open-celled structure has a restricted capacity of water 
retention. As a consequence, at the end of the second flight, 
the cells are almost completely filled with water and less 

additional condensation occurs in the insulation material. 
Furthermore, nearly the total process of condensation takes 
places directly on the cooled plate or in the layer between 
the insulation blanket and the cooling plate. Since the insula-
tion material is almost saturated with water, a diffusive mass 
transfer from the region of air flow into the region above 
the cooling plate is also blocked. As soon as the melamine 

Fig. 6   Photographs of the ice 
layer between the insulation 
blanket and the cooling plate as 
a function of time for a single 
flight, including climb, cruise, 
descent and ground period. The 
photographs show the end of the 
test section. The photographs 
are numbered chronologically, 
and the corresponding time 
stamp is placed on the right side 
of each photograph
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resin foam blanket is saturated with water, a significantly 
lower condensation rate is observed. Of course, condensa-
tion can occur in the bulk region. However, in this region, 
the temperature is always above the dew point and there is 
no condensation. In contrast, a significant part of the blanket 
made of fibreglass consists of air. Hence, the mass of water 
which is embedded in the insulation blanket is much higher. 
As a consequence, a higher mass transfer due to diffusion 
through the layer above the cooled plate develops leading to 
a higher condensation rate.

Besides the process of condensation, significant differ-
ences are also found for the process of evaporation. Figure 7 
depicts the percentage of water mass M(+)

H2O
 , which evapo-

rates during the different flights. During the first two flights, 
the percentage of water which evaporates is again similar for 
both materials. For these two flights, the main part of the 
water is embedded in the insulation blankets. During the first 
and second flight of the fibreglass case, 76% and 70% of the 
water mass M(+)

H2O
 , which condensates during a flight, remain 

in the insulation blanket. The percentage of the remaining 
water mass in case of the melamine resin foam is 77% for the 
first flight and 66% of the total water mass transfer for the 
second flight, respectively. Starting with the third flight, the 
difference of the mass ratio between the two insulation blan-
kets becomes evident. In case of the melamine resin foam, 
the mass of water which evaporates again during a flight 
increases linearly. For the fifth flight, 83% of the water M(+)

H2O
 

evaporate during the descent and ground period. In contrast, 
in case of the fibreglass, the percentage of the water mass 
which evaporates is almost constant M(−)

H2O
∕M

(+)

H2O
= 28(3)% 

for all flights. As already mentioned above, with the begin-
ning of the third flight, the melamine resin foam is almost 
saturated with water. Consequently, starting with the third 

flight, condensation and evaporation primarily take place in 
the insulation blanket on the side facing the air flow in the 
gap. However, here, the fluid temperature is above the dew 
point for nearly the whole time. This has two effects. First, 
with increasing flight number, the mass of water which con-
densates decreases significantly (Fig. 7a). Second, with 
increasing flight number, the main part of the water mass 
which condensates during the climb and the cruise evapo-
rates during the descent and on ground (see Fig. 7). In the 
case of the fibreglass, the constant mass increase and the 
constant evaporation rate indicate that even after five flights 
the blanket is not saturated with water.

With the objective to identify differences in the behaviour 
of mass transfer due to phase transition for the two insulation 
materials, the mass increase during the two flight periods 
climb and cruise will be analysed in the following. Figure 8 
shows the ratio of the mass increase in water to the total 
mass increase for a single flight in percentage for the climb 
M

(+)

cl
∕M

(+)
t

 (Fig. 8a) and cruise M(+)
cr ∕M

(+)
t  (Fig. 8b) as a func-

tion of the flight number. In case of the climb, two effects 
could be identified. The first effect is that for both insula-
tion materials, the mass increase ratio M(+)

cl
∕M

(+)
t

 is signifi-
cantly higher for the first flight compared to the subsequent 
flights. The reason is that the insulation is already dry again 
before the measurement begins. Consequently, the capacity 
to embed water in the insulation materials is higher than for 
the later flights. The second effect is that for the first three 
flights, the ratio M(+)

cl
∕M

(+)
t

 is similar for both insulation 
blankets. However, for the fourth and fifth flight differences 
between the two insulation materials are observed. In the 
case of the fibreglass, the ratio M(+)

cl
∕M

(+)
t

 is almost constant 
for flights 2–5, while the ratio decreases for the melamine 
resin foam. This underlines the above-discussed observation 
that the melamine resin foam blanket is already saturated 

Fig. 7   a Total mass increase 
in condensate water during a 
flight as a function of the flight 
number. b Mass ratio of water 
that evaporates to the mass that 
condensates
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with water after the third flight. For the cruise, an opposite 
behaviour is found for flight 1. Here, the ratio M(+)

cr ∕M
(+)
t  is 

minimal for both insulation materials. Furthermore, for the 
fibreglass, the ratio M(+)

cr ∕M
(+)
t ≈ 81% is almost constant for 

the following flight, while the ratio for the melamine resin 
foam increases by 4% from flight 2 to 4. At the end of flight 
4, the maximum of M(+)

cr ∕M
(+)
t  is reached. The increase in the 

ratio during the cruise and the simultaneous decrease during 
the climb in case of the melamine resin foam reflects that 
the processes of phase change just take place on the surface 
and in the insulation blanket facing the air flow. This is in 
accordance with the results presented above.

Up to now, the mass transfer due to phase transition was 
discussed. However, in case of forced convection with phase 
transition, a mutual interplay between the heat transport and 
mass transfer exists. Apart from this, the water accumulation 
in the insulation blankets modifies the thermal resistance 
of the insulation blankets which in turn influences the heat 
transport between the fuselage and the air flow in the gap. 

With the objective to identify the impact of the accumulated 
water in the insulation blankets on the heat transfer, Fig. 9 
illustrates the total heat flux

as a function of time. Here, Ṁair denotes the mass flow of the 
moist air, cair

p
 the specific heat capacity and �Tt the tempera-

ture difference between mean temperature at the inlet �Ti 
and mean temperature at the outlet �To . The heat flux 
obtained for the fibreglass is coloured red, while the mela-
mine resin foam is depicted in blue. In principle, both insula-
tion materials reveal a comparable behaviour for the single 
periods. During the climb, the heat flux increases linearly 
due to the linear temperature decrease in the cooling plate. 
During the cruise phase, the heat flux further increases, 
although the fuselage temperature is constant. Moreover, at 
the end of the cruise flight, the heat flux is almost constant. 
This is easy to understand taking into account that the heat 

(17)Q̇t = Ṁair c
air
p
𝛥Tt
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during the climb M(+)

cl
 to the 

total mass increase M(+)

t
 for 

each individual flight as a 
function of the flight number. 
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Fig. 9   Total heat flux as a func-
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capacity of the insulation blankets is very low. Hence, the 
cooling of the insulation blanket requires almost the total 
time of the cruise to reach a state of equilibrium. Finally, in 
the descent and ground phase, the heat flux decreases due to 
the increasing temperatures. Furthermore, the overall heat 
flux increases for the following flights for both insulation 
blankets. The reason for the higher heat flux is the increasing 
thermal transmittance between the cooling plate and the 
region of air flow caused by the water accumulation in the 
insulation blankets. The time-averaged thermal 
transmittance

where Q̇t denotes the total heat flux, A the area of the cooling 
plate and (Tm − Tf) the temperature difference between the 
mixing temperature Tm and the fuselage temperature Tf , for 
the cruise phase as a function of the flight number is illus-
trated in Fig. 10a. The error bars indicate the standard devia-
tion. For both insulation materials, the heat transmittance 
increases successively. During the period of condensation, 
however, two competing effects lead to a change of the ther-
mal transmittance between the bulk and the cooling plate. 
On one hand, the rime layer on the cooling plate represents 
an additional heat resistance and leads to a decreasing heat 
transfer on the cooling plate. On the other hand, the water 
accumulation in the insulation blanket results in an increas-
ing thermal conductivity. Here, the latter effect dominates 
and results in a higher heat flux (see Fig. 9).

Furthermore, Fig. 10a reveals a lower heat transmittance 
coefficient for the fibreglass. This indicates that the insu-
lation effect of the fibreglass is better than the insulation 
effect of the melamine resin foam. As a consequence, for the 

(18)k =
Q̇t

A(Tm − Tf)
,

present gap flow with the blanket made of melamine resin 
foam, the heat flux is higher (Fig. 9). However, at the end of 
flight 5, the heat flux for the melamine resin foam (Fig. 9) 
is nearly the same as for the fibreglass. In particular, at the 
end of flight 5, the heat fluxes obtained for the two insula-
tion materials are almost equal, and the difference in the 
heat transmittance is significantly smaller (Fig. 10a) than for 
flights 2–5. Moreover, the time-averaged heat transmittance 
coefficient of the fibreglass for the ground phase of flight 5 
(Fig.  10b) exceeds that of the melamine resin foam.

5 � Discussion and conclusions

We performed a study simulating the moisture transfer and 
heat transport in the gap between fuselage and cabin wall in 
case of displacement ventilation with active gap flow for the 
flight scenario Alaska and three different setups: no insula-
tion, insulation blankets made of fibreglass and insulation 
blankets made of melamine resin foam. The heat transport 
and the moisture transfer in the gap between fuselage and 
cabin wall for passenger aircraft are quite complex. With the 
objective, to obtain valid and comparable results, measure-
ments were performed in a laboratory experiment simulating 
the conditions of a real flight based on a concept of scaling. 
The measurements were performed in a gap wind tunnel 
with a rectangular cross-section with flat, smooth walls. 
However, the aircraft’s shells are rough and curved, although 
the curve radius is rather small. In addition, the insulation 
blankets in a realistic aircraft are not mounted perfectly and 
due to leakages, moist air gets into the layer between insu-
lation blanket and shell. Even though the discussion above 
reveals differences between the gap in an aircraft and our 

Fig. 10   The time-averaged heat 
transmittance as a function of 
the flight number for the fibre-
glass (red) and melamine resin 
foam (blue) for the cruise (a) 
and ground phase (b)
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laboratory setup, the following conclusions can be drawn 
from the results. 

1.	 For all configurations, with insulation or without insula-
tion, the following was found: during the climb the con-
densation rate increases and reaches its maximum dur-
ing this period. Furthermore, during the cruising flight, 
the condensation rate decreases slowly although the 
boundary conditions are constant. With the beginning 
of the descent period, the condensation rate decreases 
drastically and in the following, the condensation water 
starts to evaporate. During the ground period, water 
evaporates.

2.	 Without insulation blanket, the temperature of the air 
stream in the gap is not high enough to prevent a perma-
nent agglomeration of frozen water on the cold surface. 
Here, the mass of the frozen water and thus the height of 
the rime layer increases continuously during the climb 
and the cruising flight. The amount of water which evap-
orates during the end of the descent and ground period 
is considerably smaller than the mass transfer due to 
condensation. Consequently, after four flights, the mass 
of the condensation water in the gap amounts to 1700 g . 
Hence, a risk of a total obstruction cannot be ruled out, 
in particular, for flight scenarios in which the tempera-
ture on the ground is below the freezing point.

3.	 With insulation, the mass transfer due to phase transition 
is up to 40 times smaller compared to the case without 
insulation. For both types of insulation blankets, the 
averaged height of the rime layer on the cooled surface is 
less than 1 mm at any time during the simulated flights. 
Hence, we can conclude that with insulation blankets, 
displacement ventilation and an air return through the 
gap with a height of 50mm between fuselage and cabin 
wall do not seem critical regarding a total obstruction 
of the gap. Moreover, no relevant pressure drop leading 
to a breakdown of the air circulation is expected. Of 
course, as mentioned above, in a real configuration, the 
blankets are not mounted in the same way as in to our 
experiments. In a real aircraft, additional moisture gets 
between fuselage and primary insulation due to leakage. 
The increased flow of warm and moist air into the layer 
between fuselage and primary insulation may result in a 
higher condensation rate. On one hand, a higher vapour 
mass transfer could result in an elevated condensation 
rate and thus a higher rime layer on the fuselage sur-
face. On the other hand, the warmer air, which enters 
the layer, leads to increased temperatures, which in con-
sequence results in a lower condensation rate. Whether 
the one or the other effect is predominant depends on a 
plethora of parameters and the configuration, thus mak-
ing an exact quantification for the height of the rime 
layer on the surface impossible.

4.	 The warm air from the cabin streaming through the gap 
have an additional positive effect. The results of this 
study indicate that the air stream in the gap leads to a 
lower condensation rate. In addition, on the ground the 
rime layer melts and most of the water evaporates. In 
the following, a part of the water in the blankets, and the 
moisture is taken away by the air flow. The effects to be 
mentioned are reduced shell corrosion, better thermal 
insulation and lower fuel consumption. Furthermore, in 
a real aircraft, the gap is additionally equipped with a 
secondary insulation on the cabin wall. If ones consider 
now that in our experiments the mean air temperature 
in the gap between primary insulation and cabin wall 
(without a secondary insulation) never falls below 20 ◦ C 
(for an inflow temperature of 24 ◦ C) the question arises 
whether a second insulation is required at all.

5.	 The study also reveals differences between the two insu-
lation blankets regarding mass transfer due to phase 
transition. Starting with the third flight a significantly 
higher condensation rate for the fibreglass blanket (state 
of the art) compared to the blanket made of melamine 
resin foam is found. For the fibreglass, the increase of 
condensate water, which remains in the blanket at the 
end of each flight, is constant, while it deceases linearly 
in case of the melamine resin foam. In total, after five 
flights the cumulative sum of condensate water in the 
blankets is twice as high for the fibreglass insulation. 
Moreover, for the melamine resin foam, nearly, the com-
plete water ( 83% ), which condensates during the climb 
and cruising flight, evaporates at the descent and ground 
stage, while for fibreglass the percentage is just 31%.

6.	 The corresponding global heat transport for the gap flow 
is similar for both insulation blankets. With increasing 
moisture accumulation in the insulation blankets, the 
insulation effect of the blankets decreases. However, we 
assume that a significantly lower insulation effect for the 
fibreglass will be obtained for additional flights due to 
the successively higher mass of water accumulations.
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