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Abstract

In this paper heat transfer coefficients for film condensation of carbon dioxide under elevated pressures are presented. The
examined pressure ranges from 16-30 bars with a constant mass flow of 12 kg/h CO,. Therefore, a pilot plant for cryogenic
liquefaction of CO, has been built. In the installed tube in tube condenser cooling media temperatures from -25 °C to -45 °C
were used. During the experiment heat transfer coefficients between 4500 and 13000 W/(m?K) were determined. Afterwards
the experimental data were compared to common correlations for film condensation. The aim was to prove whether the
influence of the elevated pressure can be predicted. Finally, all correlations could predict the heat transfer under elevated
pressures in a suitable manner, concerning the uncertainties in modeling and determination of heat transfer coefficients.
Nevertheless not all correlations could predict the influence of elevated pressures equally well.
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1. Introduction

In context of the joint research project ADECOS 3 the flue gas treatment of coal-fired power plants with oxyfuel
adaption is examined. The investigated process is an oxyfuel power plant process with cryogenic air separation for
oxygen supply and partial condensation to capture CO, from the flue gas.
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Nomenclature

Ahy enthalpy of evaporation K correction factor

Ac system parameter L length

a shear stress to gravity ratio m mass flow

d diameter Nu Nusselt number

f film coefficient p pressure

F flow coefficient Pr Prandtl number

g acceleration due to gravity Re Reynolds number

G total mass flux (liquid + vapour) T temperature

h hydraulic u velocity

J dimensionless vapour velocity z vapour quality

k over all heat transfer coefficient V4 correlation parameter

Greek letters

a heat transfer coefficient & coefficient of resistance

1) film thickness p density

n viscosity T shear stress

A thermal conductivity

Subscripts

cm cooling media o outer

e empty tube ph interfacial area / film surface

exp experimental r reduced

film liquid condensate phase rel relative

GT assuming all mass flowing as gas S saturation

i inner tur turbulent flow

LT assuming all mass flowing as liquid v vapour

LS assuming liquid phase flowing tur turbulent flow
alone in the tube w wall

lam laminar flow wav waviness

log logarithmic X local

m mean value

Superscripts

* moving vapour considered - averaged value

The aim of the examined sub-project of ADECOS 3 is to determine the influences of oxygen purity from the air
separation unit (ASU), firing, air ingress, conventional flue gas treatment, dehydration, liquefaction and distillation
on the purity of the separated carbon dioxide. Therefore, the adsorptive dehydration of the process gas after
compression, the heat transfer during partial condensation and the compositions of liquid and vapour phase (VLE)
after liquefaction are examined.

This article presents the determination and modelling of heat transfer coefficients during film condensation of
CO, under elevated pressures. Available correlations are mostly based on measurements under low pressure. By
increasing pressure the density of the vapour phase is increased as well and hence the vapour velocity decreases.
The vapour velocity again is essential for shear force impact on the film surface. This influence is explicitly
considered by HADLEY’s [1] approach used in the current correlation of the VDI-Wirmeatlas [2]. In addition the
surface tension between liquid film and vapour phase decreases with pressure. Thus the form keeping force for the
falling film is lowered. Further on increased pressures lead to higher temperature gradients between vapour and
cooling media. Consequently the liquefaction rate is increased and thereby the film thickness. This leads to a higher
heat conduction resistance in the film. Therefore, the heat transfer coefficient for film condensation of CO, under
elevated pressures, between 18 and 30 bars, is determined in this work. The experimental heat transfer coefficient
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is determined by an experimental liquefaction plant via energy balances. Afterwards the experimental results are
compared to suitable, existing correlations, to prove whether the partial film condensation of CO, under elevated
pressures can be represented by these mathematical models.

2. Theoretical background

For the calculation of heat transfer coefficients for film condensation many correlations have been published.
Most of them use power functions based on experimental data. These empiric correlations are only suitable in the
experimentally studied area. Hence the range of conditions, where the correlations are valid, is quite small. Further
on the studied fluids are mainly water, various refrigerants and alcohols.

2.1. VDI Wiéirmeatlas, 2013
The correlation in the VDI-Wirmeatlas [2] is based on a multi-layer approach for the characterization of film
condensation. Therefore, the film is divided into a near-wall and an interfacial area, taking account of the shear

stress between vapour and liquid phase. In Table 1 the ranges of validity are listed.

Table 1: Ranges of validity for the heat transfer correlation from VDI-Wirmeatlas [2]

Parameter Range of validity
Preim, 0.5 < Prg, < 500
Refim Regm < 10,000

Nilm/Mw 0.2 < Mfm/Mw <5

In the laminar flow pattern the local Nusselt number for still vapour is calculated from [3]:

1- pv/pfilm 3
5. fwav (1)

Nug; = 0.693
film,x,lam ( Refilm,x

All thermophysical properties in equation (1) are calculated at boiling temperature. The surface characteristic of
the laminar film flow is taken into account by the waviness coefficient f,,,. For this coefficient the following
approach is applied [4]:

£ 1 for Regjym, <1 @
Y@ |Refim  for Repymy = 1
In the turbulent flow pattern the local Nusselt number is calculated according to [5]:
7/24 p 1/3
Vi 3 0.0283Res 1 o PT5i1m 3)
filmx,tur — -3/8 -1/6
1+9,66Rep; ., PTrim

The effect of vapour shear stress on the film in moving vapours is taken into account by two corrective factors.
This influence is of particular interest in compressed systems, since vapour density and friction are significantly
depending on pressure. In this approach the wall and surface area are treated separately. The shear stress influence
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on the wall area for both laminar and turbulent flow is considered by the factor K,,:

Ky = (1+1)"3 )

At film surface the effect of shear stress is calculated separately for laminar (K, ;) and turbulent (K, ) flow:

Kphjam = 1+ (Prﬁf,fl — 1)tanh(t;) (5)
Kpnour =1+ (Prfol-'gg — 1)tanh(t}) (6)

This leads to the approach for local Nusselt numbers for moving vapours:

* 2 2
Nufilm,x = J(Kprh,lamNufilm,x,lam) + (Kprh,turNufilm,x,tur) (7)
The coefficient 7, in the equations (4), (5) and (6) is defined as the dimensionless shear stress:

*

$
=———— with t=2p,u? ®)
v pfilmg(s;—ilm grvorel

The dimensionless shear stress 7,” is determined by the dimensionless shear stress 7", the vapour would have in
an empty tube. Here the coefficient of resistance ¢ is defined as follows:

dpii
£, = 0.184Re:%? with Re,y =" ’;7 ret )

By means of 7, the dimensionless shear stress for the rough film surface then is calculated iteratively by:
75 = 75(1 + 550F ()% (10)

Thereby F is defined as a flow coefficient including the Reynolds number for relative vapour liquid velocities,

0.5
F_max[(ZReﬁlm,x) ;0.132Refn| 0 im [ o -

Rel) Ny |Pritm

and the coefficient a* as the relationship between shear stress and gravity of the film.

0.3 or 7, =>1
o ={ for @ (12)

Refipy  for 1;,<1
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The last variable §" the film thickness is calculated by means of the flow coefficient as well:

8% 659F a3
d 1+ 1400F

2.2. Shah, 2009

In 2009 SHAH [6, 7] published an improved and extended version of his correlation for heat transfer during
condensation in horizontal, vertical and downward-inclined tubes. This correlation is validated for a wide range of
properties and flow patterns:

Table 2: Ranges of validity for the heat transfer correlation by SHAH

Parameter Range of validity
pr 0.0008 <p,<0.9
Preim 1 <Prem, <18
Rerr 68 <Re 1 < 84827
Regr 9534 <Regr < 523317
Z 0.005<Z<20

I, 0.06<J,<20

zZ, 0.01 <z,<0.99

For vertical tubes SHAH defined three heat transfer regimes, a laminar regime, a transition area and a turbulent
regime:

_ (laminar ], <0.89— 0.93exp(—0.087Z‘1'17)} 14
regume = {turbulent J, = 1/(2.4Z + 0.73) (14
Where the dimensionless vapour velocity is defined as:
z,G
Iy = 0.5 (15)
(9dipo(priim — pv))
SHAH’s correlating parameter Z is given by:
1 \08
7 = 0.4 (16)
(z,, - 1) Pr

The heat transfer correlation for laminar film condensation in vertical tubes is given in equation (17). It is the
Nusselt equation with a constant increased by 20% as recommended by MCcAdams [8].

0.8

: . — /13.
Ufitmxiam = 1.32Re 5" (pf”m(pﬂlm 2 Po)o mm) pr*t (17)

My
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With the exponent n=0.0058+0.557p, the heat transfer coefficient for the turbulent regime is calculated by:

nf'l n 3.8ZO'76(1 -z )0.04 Af'l
Afitm,x,tur = NuLT,x <14_LnT:) [(1 - Zv)o'g + v Pr038 v (;im (18)
The term Nu, 7, is given by the Dittus-Boelter equation:
Nuyr, = 0.023Re( Pri, (19

The transition area between laminar and turbulent flow is calculated by the addition of equation (17) and (18):

(20)

Afiim,xlam—-tur = Afimxlam T Cfitmx tur

2.3. Chen, 1987

Another correlation for heat transfer during film condensation in vertical tubes was published by CHEN [9] in
1987. The correlation is also fitted on experimental data. However there is no range of validity given. The
influence of the moving fluid is taken into account by an approach for the dimensionless shear stress 7 cje, (21).
This formulation was established by Dukler and is based on experimental data for adiabatic two-phase annular
cocurrent downward flow of gas and liquid.

. 1.4 0.4 i 0252/1}‘&;1712156
Tenen = Ac(Reyr — Repymy) ~ Refiimx with Ac = 4Z2g2/3 0553 078 @1
i g pfllm pv
With A as a system parameter the local heat transfer coefficient is given by:
05
ReZt pr3o\'® prisg
1. film,x c 1.4 .
Nugjmx = ((0-3 1Refm? + W) 16 (Reyr — Refiimy)  Refiimx (22)

3. Materials and methods
3.1. Liquefaction Pilot Plant

For the experimental studies a pilot plant for cryogenic CO,-liquefaction has been built. The plant consists of
four main components: the compressor, the condenser, the expansion valve and the evaporator (Figure 1). The
piston compressor works oil-less and enables pressures up to 80 bars. Downstream the compression the total gas
flow is determined via a coriolis mass flow meter and cooled down to saturation temperature, corresponding to the
pressure, before it enters the condenser. After partial condensation the two-phase stream is separated and the
masses of the liquid and the vapour phases are measured by coriolis mass flow meters as well. Afterwards the
streams are mixed, expanded, evaporated and recycled to the compressor.

The heat transfer coefficient is determined by the amount of liquefied gas, measured after the phase separator.
Therefore, the level in the 3.8 L phase separator is kept constant by means of a manually operated low flow
metering valve. The level is observed via a high pressure view cell, installed by the principle of communicating
vessels, over 15 minutes with a maximum deviation of 0.05 kg/h. Phase separator and mass flow meters,
downstream the condenser, are well isolated and installed in an isolated and tempered chamber. This setup leads to
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a precise determination of the liquefied mass flow. The measurement and control of the plant is realized by a
programmable logic controller (PLC).
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Mass Flow Meter
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@
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Mass Flow Meter

Figure 1: Simplified piping and instrumentation diagram of the liquefaction pilot plant

3.2. Experimental determination of heat transfer coefficients

The mean experimental heat transfer o, s, ex, i1s determined by an energy balance. Assuming no energy input
from the environment, the whole enthalpy of evaporation is transferred from CO, to cooling media. The total
energy balance for the condenser with the length L and the logarithmic temperature difference is then given by:

kmA(Ts - Tcm)lug = Ah'V]wfilm (23)
where:
do
Lot Lo (@) Lt (24)
kmA L am,film,expdi Zlm,tube am,cmdo
leads to:
d, !
P _ ) T[L(Ts - Tcm)log _ 1 _ In (d_l) (25)
mfim.exp ' Ah-Vrhfilm am,cmdo 2lm,tube

In equation (25) it is assumed that the boiling temperature is constant. This assumption is justified by the small
pressure drop over the condenser of maximum 0.9 bars. This pressure drop leads to a difference in saturation
temperatures of 0.89 K using a AT},, of minimum 9.85 K. Fluid properties are calculated on the basis of VDI-
Wirmeatlas [2]. Systematic and random errors are taken into account by propagation of uncertainties with a
coverage factor of £ = 2. The systematic measurement uncertainties are listed in Table 3.
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Table 3: Systematic uncertainties of the input values

Input value

Measurement uncertainty

Temperature + (0.3+0.005T(°C))
Pressure +0.5%

Mass flow condensate +0.05 kg/h

Mass flow cooling media + 0.1 I/min
Condenser length +0.5 mm

Heat conductivity tube material + 0.5 W/(m K)

4. Experimental Results
4.1. Condensate mass flow

Figure 2 shows the measured condensate streams as

a function of pressure for different cooling media

temperatures between -25 °C and -45 °C. With increasing pressure the amount of liquefied CO, rises almost
linearly. This originates from the decreasing heat of evaporation and the increasing saturation temperature of CO,.
As a consequence more heat can be transferred due to the higher temperature gradient between cooling media and
film surface. Further on a decrease of cooling media temperature by 5 K leads to an improved liquefaction of about
1 kg/h. This fact is also attributed to the increased temperature gradient. Generally the condensate mass flows can
be reproduced reliably in a range of 1.9 to 6.8 kg/h with an accuracy of 0.05 kg/h. The deviations lie within the
measurement uncertainty of the coriolis mass flow meter and are considered to be negligibly low.
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2 _~ - e L e
- ~ - = T
[=] - - - 7 - L
= 5 x / A - A
o T - 8 T
w41 & 7 7 =t
v A o — X-45°C #-40°C
c T - -
g3 - o B 4-35°C 0-30°C
5 2 o 0-25°c
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1 T T T T T T
15 17 19 21 23 25 27 29
pressure [bar]
Figure 2: Liquefied CO; as function of pressure for different cooling media temperatures, mcq,=12 kg/h,

Tube in tube heat exchanger (outer tube: d,=18 mm, di=15 mm | inner tube: d;=6 mm, di=4 mm)

4.2. Experimental heat transfer

The determined heat transfer coefficients for all cooling media temperatures are shown in Figure 3. Values
between 4500 and 13000 W/(m’K) have been observed for pressures from 18 to 30 bars using constant flow rates
of 12 kg/h CO,. The figure shows a decreasing heat transfer coefficient with increasing pressure. An explanation is
the lower velocity of the vapour phase due to higher densities at higher pressures. From 16 - 30 bars the vapour
velocity decreases by 49%. Thus, the Reynolds numbers decreases from 8.5x10* to 7.9x10*. Nevertheless the

vapour flow is still turbulent even at high pressures.
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Further on the heat transfer is depending on the shear stress between vapour and film surface as mentioned in
chapter 2. The shear forces at the surface are depending on the vapour velocity as well. Equation (8) shows a
quadratic relationship. As a consequence the shear stress decreases with increasing pressure. This leads to a lower
heat transfer since the film thickness increases and hence the thermal conduction resistance. Moreover the film
surface is less turbulent and therefore the temperature gradient in the near-surface area is smaller.

The error bars in Figure 3 show an increasing uncertainty with decreasing pressure. This effect can be explained
by the low liquefaction rate at low pressures (cf. Figure 2). As a consequence the impact of systematic and random
errors on the heat transfer coefficients is higher in this area.

15000

13000 -
11000 -
9000 - +

o, am [W/(mMZK)]
S
8
-

5000 -

3000 T T T T T T
17 19 21 23 25 27 29
pressure [bar]

Figure 3: Mean heat transfer coefficients as function of pressure, 1,,=12 kg/h, Tube in tube heat exchanger (outer
tube: d=18 mm, di=15 mm | inner tube: d;=6 mm, d=4 mm)

4.3. Comparison between Experiments and Simulations

In figure 4 the experimental results are compared to the values calculated according to the models introduced in
chapter 2 in order to prove, weather the heat transfer for film condensation of CO, at elevated pressures can be
predicted accurately. Figure 4 shows the values for two different series of measurement at -25 °C and -30 °C
cooling media temperature. Both diagrams show that the heat transfer for film condensation of CO, under elevated
pressures is predictable in general. The VDI [2] correlation overestimates the experimental values constantly by an
amount of 35 % but shows the right characteristic for the pressure dependence of the heat transfer coefficient.

14000 14000
b = Experiment = Experiment
Z 12000 + VDI-WA Z 12000 + VDI-WA
NE | 4 Shah NE 4 Shah
-
< 10000 | $ Chen < 10000 Chen
= H = .
:‘ :‘ A -
& 8000 t * & 8000 . .
2 i . L + 2 ) :
£ ) . o + ot ® ‘ b 1
£ 6000 W i £ 6000 ' o
@ . @ .
< 4000 < 4000
cooling media: -25 °C cooling media: -30 °C
2000 2000
18 20 22 24 26 28 30 18 20 22 24 26 28
pressure [bar] pressure [bar]

Figure 4: Experimental heat transfer compared to simulated values for different cooling media temperatures,
T, =12 kg/h, Tube in tube heat exchanger (outer tube: d;=18 mm, di=15 mm | inner tube:
d,=6 mm, d=4 mm)
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The correlation by SHAH [7] shows a smaller overestimation and a good characteristic in compliance with the
experiment as well. CHEN [9] gives the lowest deviation but the curve characteristic does not fit the experimental
data. This becomes particularly obvious in the lower pressure region at high vapour velocities.

5. Summary and outlook

The heat transfer for film condensation of CO, under elevated pressures has been examined and compared to
different correlations in order to prove whether the experimental values can be predicted accurately by these
approaches. The experiments have been carried out at condenser pressures between 16 and 30 bars with a constant
carbon dioxide mass flow of 12 kg/h and cooling media temperatures between -25 °C and -45 °C. The determined
film heat transfer coefficients lie within 4500 and 13000 W/(m’K). All correlations predict the heat transfer in a
suitable manner. The VDI-Wérmeatlas [2] correlation shows the right dependence over the examined pressure
region but overestimates the experimental data by 35 % constantly. The values calculated by SHAH [7] also show a
good characteristic with a smaller overestimation. CHEN [9] does not predict the influence of high vapour
velocities and the related shear stress in a proper way, nevertheless the correlation gives the smallest deviation
from the experimental data.

In further studies the influence of inert gases on the partial condensation will be examined. First experiments
with gas mixtures have been carried out with promising results. The modelling of partial condensation by aid of the
Maxwell-Stefan diffusion model is in progress.
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