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Abstract

Experiments were conducted to investigate condensation in a convective moist airflow in a vertical duct with
one cooled wall. Based on temperature and moisture measurements the heat and mass transfer were deter-
mined by means of the thermal balance for fixed temperature differences between inflow, wall and dew point
temperatures for Re = 2000,4000, 8000 in a range of wall temperatures 7,,,;; = 1 — 10 °C. By comparing
results obtained in moist airflow with condensation and dry airflow under similar conditions, the impact of
the latent heat transfer on the global heat transfer is investigated. While the mass transfer revealed no signif-
icant temperature dependence, the condensation heat transfer showed an increase for elevated temperatures.
The release of latent heat signficantly changed the heat transfer mechanism due to the release of heat of
evaporation and the layer of condensate on the cooled wall.

1 Introduction

Condensation in convective airflows occurs in many technical applications, often with undesirable conse-
quences. For instance, water condensating in the gap between the fuselage and the cabin wall of an aircraft
accumulates in the insulation packages, where it decreases the insulation effect, increases the aircraft’s
weight and enhances corrosion (Zhang et al. (2012)). Moreover, condensation is a potential danger for road
traffic, as the mist on the windscreen affects the driver’s visibility (Bopp and Peter (2006)).

A fundamental view on the condensation
phenomena occuring on a cooled wall is given
by the Nusselt theory for filmwise condensa-
tion. It is applied to calculate the heat trans- Min, Tin
fer coefficient as a function of film thickness
(Nusselt (1916)). The theory is based on the 9
assumption of a static pure steam with an ide-
alised, laminar water film. There are exten- T, Qs Tomb
sions for the theory considering the effects in / ? \
flowing steam (Nusselt (1916)), steam with
non-condensable gas fractions (Hijikata et al. T
(1984)) and turbulent condensate film flow N <
(Park et al. (1996)).

It is the objective of this study to extend the
Nusselt theory for mixed convection of moist
air. Observations have shown that the assump-
tion of a continous condensate film has to be g Thout, Tous
dropped in favour of small droplets (Westhoff N\ ’ 7
(2017)). This results in a change of the ra-
tio of convective to conductive heat transport.
With the aim to extend Nusselt’s model, we
investigate the scaling of sensible and latent channel
heat transfer as well as the corresponding mass

_ | Qamb

Fig. 1 Sketch of the thermal balance in an adiabatic



ICEFM 2018 Munich

transfer due to phase transition. For the present study, the scaling of the heat and mass transfer for varying
inflow temperatures is evaluated, while the temperature difference between the inlet and the wall temperature
and the difference between the dew point and the wall temperature are kept constant.

To calculate the heat transfer, a thermal balance
based on an adiabatic channel is introduced as illustrated e B
in Figure 1:

. . : . ! 74
Qin—our = Qw+ th + Qambp (D : ! @ ! lf' Y
With the heat fluxes being defined as: A N T :
Qin—out = Cpmair(T;'n - Tout) (2) : '
Qw = awAw(Tm - Tw) (3) | :
th = mpthv (5)

A duct with a high aspect ratio is considered in order
to keep the influence of the sidewalls on the flow as
small as possible. In Equation 2 Qj,_,, describes the
sensible heat transferred from the fluid to the duct with
cp being the heat capacity, 7, the air mass flow and
(Tyn — T,ue) the difference between inlet and outlet tem-
peratures. Equation 3 describes the heat transfer through
the cooled wall Q,,, where @, is the combined wall heat
transfer coefficient, A,, is the cooled wall surface area
and (T,, — T,,) is the difference between mean tempera-

. V2%
ture and cooled wall temperature. Q,,,» in Equation 4 de- T Loutlet %< @
notes the heat loss through the sidewall with an ambient
heat transfer coefficient ks, estimated using the Dittus- > 4‘_>
Boelter relation (Whitaker (1972)), A,,, as the sidewall H
surface area and (7, — Ty,p) the difference between the

mean and the ambient temperature. 0 18 the latent heat,
which is equivalent to the amount of condensate (Equa-
tion 5) with the condensate mass flow r1,; and the phase

transition enthalpy 4,. To calculate Q,, and Qg the
mean temperature 7, is required as well as a mean heat transfer coefficient ¢,,. To work out the mean
temperature and heat transfer coefficient, a temperature profile is derived from the thermal balance in Equa-

tion 1:
dl — (aWAW(T(x) - Tw) + mpthv +Aswksw(T(x) - Tamb)) (6)

dx CpMigir

Ouns = Aswkon (T = Tamp) @) Lintet

— Humidifier

Fig. 2 Block diagram of the vertical duct
with conditioning setup

With an initial guess for the mean temperature the equation is solved with an iteration algorithm. This
way, the heat transfer coefficient is calculated to fit with the measured outlet temperature and temperature
T (x) averaged over the cross-section can be used to determine the mean temperature 7,, for the whole duct.

1
m:i/Tww )

2 Experimental Setup

The measurements are conducted in a vertical duct with an isothermal cooling plate and nearly adiabatic
conditions on all other walls (Figure 2). The duct consists of an inlet section to guarantee a well-defined,
homogenous inflow and a test and outlet section to ensure an undisturbed flow in the test section. The test
section has a length of L;.;; = 2.05 m, a width of W = 0.533 m and a height of H = 0.05 m with an aspect
ratio of 10.66:1. The temperatures are recorded with resistance thermometers located in the cooling plate,
in the ambient air and in the inlet and outlet sections. The dew points are measured with capacitive humidity
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Table 1 Parameter overview for constant AT;,,, = 26.5K, ATy, _,, = 10K, Pr =0.75, Ja = 9.33 X 1073
and Fr =0.97

Reynolds number  V,;,[1s7!] T [°C] T, [°C] Ty [°C]

2000 9.375
4000 18.75 275t0355 1to9 11to19
8000 37.5

sensors and the air mass flow by means of a venturi tube. Based on the measurement data and the thermal
balance described in Section 1, the heat fluxes and the mean temperature are determined.

The system is characterised by the Reynolds number Re = (Udpyar)/v, Nusselt number Nu = (4L)/(2,;,AT),
Sherwood number Sh = (UpH)/p, Prandtl number Pr = (1¢p)/,;,, Froude number Fr = U/,/¢'L and Jakob

number Ja = (¢pATu—v)/n,. Here, U = Vair/Ays denotes the average velocity as the ratio of airflow V,;, to

duct cross section Ayg, dpyqr the hydraulic diameter of the duct, v the kinematic viscosity, ¢ the heat flux,

Up = Vpi/A, the condensation speed as ratio of condensate volume th to condensation area A, D the

diffusion coefficient for moist air, A,;, the thermal conductivity, AT = T;,, — T, the characteristic temper-

ature difference between inlet and outlet temperature, 1) the dynamic viscosity, ¢, the heat capacity, g' the

bouyancy-corrected gravity and A, the heat of evaporation.
To describe the lateral heat transfer in air,

a second Nusselt number is defined as the ratio

of condensate heat transfer to conductive heat §

transfer Nuy, = (dpH)/ (24,1, ) With the dif- L Eht Er At R

ference between the mean air temperature and s

the cooled wall temperature.
To identify the scaling of heat and mass LT

transfer, the Nusselt number and Sherwood 5 Y _8--71 s

number are recorded as a function of different D ' Nu

absolute temperatures at the inlet 7;,, the cooled pt

wall 7, and the dew point 7;,. A parameter * Sh

study is performed for cooled wall temperatures 0 | | | % |

in the range of 1°C to 10 °C at three Reynolds o) 24 26 28 30 32

numbers Re = 2000/4000/8000, AT;,—,, =

26.5K, ATy, ,, = 10K, Pr =0.75, Ja = 9.33 x Tinean

1073 and Fr = 0.97 (see Table 1). In addition, Fig. 3 Temperature dependence of Sherwood

measurements with dry air and thus without (blue) and condensation Nusselt number (red) at

phase transition are performed for Re = 4000 in Re = 4000

order to identify the impact of the latent heat on

the global heat transfer. All experiments are per-

formed under steady-state conditions for at least

3 h to achieve a thermal equilibrium

3 Temperature Dependence of Nusselt and Sherwood Numbers

Figure 3 shows the Sherwood numbers (blue) and condensation Nusselt numbers (red) plotted as a func-
tion of the mean temperature 7}, for Re = 4000. The linear regression slope of —0.03 K~! displays that
the Sherwood number is almost temperature independent. This independency indicates that the increasing
vapour mass transfer due to phase transition on the cooled surface and the corresponding mass transfer due
to diffusion from the bulk into the boundary above the cooled surface are of the same magnitude.
Analogously, the relative condensate mass "pt/riaer With ritge, being the total water content of the
moist air, is constant. This reveales no dependency on the temperature for the mass transfer mechanisms.
On this basis we expect that for this Reynolds number the Sherwood number is predominantly affected
by the temperature differences, as it is the driving force for the condensation mass transfer. In contrast
to the Sherwood number, the condensation Nusselt number, representing the lateral heat transfer through

condensation, increases with increasing temperatures with a slope of 0.28 K~!. This is a direct result of
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the rise in heat of evaporation due to the higher condensate mass m,, at elevated mean temperatures T}oqp.
With higher water content, the latent heat transfer becomes more important than the change in sensible heat

transfer, as the increase in heat of evaporation exceeds the increase of the heat conductivity of air.

At a lower Reynolds number of Re = 2000,
a decrease of the Sherwood number is ob-
served for higher temperatures with a slope of

—0.123K! (Figure 4). This indicates that
the influence of diffusive mass transfer at this
Reynolds number is larger at higher temper-
atures. A possible explanation for this ob-
servation is a laminar flow. The condensa-
tion Nusselt number is slightly higher than
for the case Re = 4000, which is consis-
tent with an expected lower heat conduction
in the assumed laminar flow. The compar-
ison to the higher Reynolds number further
reveals a slightly higher slope of 0.233K~!,
which can be attributed to the increased influ-
ence of the diffusive mass transfer. In princi-
ple, lower fluid temperatures are observed for
lower velocities due to the increased heat trans-

of T
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Fig. 4 Temperature dependence of Sherwood

(blue) and condensation Nusselt number (red) at
Re =2000

fer, which is the result of a longer dwell time.
At Re = 8000, where the flow is assumed to be
fully turbulent, the higher Sherwood number reflects that the convective mass transfer dominates over the
diffusive mass transfer (see Figure 5). Additionally, the Sherwood number increases with increasing mean

temperatures with a regression slope of 0.09 K~!. The latent heat transfer increases for higher velocity and
the dependency on the mean temperature becomes more significant, indicated by the regression slope of

0.53K~!. This effect can be explained by the increased level of turbulence, which enhances mixing. As a
consequence, the mass transport of vapour into the boundary layer above the cooled surface is enhanced.
The results is the increased mass transfer due to phase transition. Contrary to the lower Re case, the mean
temperatures are higher due to shorter dwell times.

4 Impact of Latent Heat Release on the Heat Transfer

To evaluate the impact of the latent heat,
151 .t A I the results for moist air and dry air at
‘‘‘‘‘‘‘‘‘ ' Re = 4000 are compared. Figure 6 shows
the dimensionless temperature profiles 7} =
(Te—Tou)/(T;,~Tou) over the dimensionless duct
10 | - length L' = L/ (Repyar*Predyy,) averaged for the
P case of dry air (red) and averaged for the case
) of moist air (blue) derived from the thermal bal-
ance (see Section 1). The mean temperature ob-
served over the duct length is lower in case of
«Sh the dry airflow, which indicates the impact of la-
0 | | | | | tent heat release on the global heat transfer and
o) 24 26 8 30 32 the additional heat resistance resulting from the
T condensate layer. Both effects lead to a nearly

mean

3 % higher outlet temperature in case of airflow
Fig. 5 Temperature dependence of Sherwood with condensation. '
(blue) and condensation Nusselt number (red) at The global heat transfer is calculated by
Re — 8000 adding up latent and sensible heat transfer. In
Figure 7 it is plotted for the moist air case (blue
squares) and dry air case (red squares). For the
moist air case the sensible heat is displayed separatly (blue triangles) to highlight the particular shares of
latent and sensible heat. It is evident that even though the outlet temperature is higher in the moist air case,

the heat transfer is increased. The sensible heat transfer is reduced in the case of moist air, which further
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indicates the inhibition of convective heat transfer as a result of the added layer of thermal resistance. In
addition, the limited heat transfer through the cooled wall also leads to a higher outlet temperature. On a
microscale this means that when the specific heat of evaporation for one droplet is released, the limited heat
transfer causes a fraction of the latent heat to be returned to the fluid. This local heat transfer reduces the
overall sensible heat transfer detected by the thermal balance compared to the case with dry air.

Figure 7 also reveals that while the sensible
heat transfer is independent of the temperature, 1
condensation leads to a temperature dependence for )
the global heat transfer. This confirms the findings —— dry air
that the latent heat transfer predominantly increases
the global heat transfer with rising temperatures, as
described in Section 3. The global heat transfer
is significantly limited by the heat transfer through
the condensation surface. 08}

Assuming that a fraction of the latent heat is re- -
leased back into the fluid, we can modify the ther- =
mal balance (Equation 1). The latent heat is divided
into the part that is transported through the cooled

wall Q% and the part that is returned to the fluid
_Qgt, which add to th = ‘E)f + Qgt:

09 | —— moist air
b

Tx ‘Toul
Tm —Tout

0,7 +

0 2 4 6 8
I __ Lx -3
. . W i . B Rehydr"‘Pr*dhydl’ 10
Qin—our = ( O+ Op ) ~CQpr+ Qamb ®) Fig. 6 Comparison of average temperature pro-
Ow files at Re = 4000 with and without condensation

QS is the sensible heat transported through the
wall. By comparing the fractions of latent heat de-
termined by Equation 8, it is found that an average
of 39.1 % of the latent heat is released back into the air for Re = 4000. While there are no dry air measure-
ments for Re = 8000, based on the thermal balance for the moist air case it is found that 33 % of latent heat
are released back into the air. This ratio does not depend on the temperature for both cases.

This finding illustrates the link between heat transfer and flow velocity. The near-wall flow structures
are influenced by the changed surface structure due to droplet deposition on the wall. Since these structures
depend heavily on the flow regime, a further investigation of the velocity dependence of the heat transfer is
necessary

250 | t :
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Fig.7 Comparison of global heat transfer to the channel with and without condensation
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5 Conclusion

In this study the latent and sensible heat transfer as well as the corresponding mass transfer in a convec-
tive moist airflow characterised by the dimensionless condensation Nusselt number and Sherwood number
were determined as a function of the mean temperature at steady-state conditions. With increasing tempera-
tures the Sherwood number decreases for Re = 2000, remains almost constant for Re = 4000 and increases
slightly for Re = 8000. This behaviour is attributed to the larger influence of diffusive mass transfer in
laminar flow. For turbulent flow at Re = 8000 the convective mass transfer is dominant with a 50 % higher
Sherwood number. The condensation Nusselt number increases with higher temperatures in all three cases
with elevating slopes for higher Reynolds numbers. This reflects the increasing water content carried by the
moist air with increasing temperatures and is further enhanced by increasing levels of turbulence.

The comparison between dry air and moist air under similar conditions revealed that a significant part of
the latent heat is released back into the airflow. The reasons for this phenomenon are a limited heat transfer
through the cooled wall, an additional heat transfer resistance caused by the added layer of condensate and
interference with the convective flow structures near the wall through the droplet deposition on the cooled
wall.
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