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Abstract

In a new waste heat recovery system, waste heat is recovered from steam condensers through cooling by liquid CO, instead of sea-
water, taking advantage of effective boiling heat transfer performance; the heat is subsequently used for local heat supply. The steam
condensing — liquid CO, boiling heat transfer performance in a steam condenser with a shell and a helical coil non-fin tube was studied
both numerically and experimentally. A heat transfer numerical model was constructed from two models developed for steam conden-
sation and for liquid CO, boiling. Experiments were performed to verify the model at a steam pressure range of 3.2-5 kPa and a CO,
saturation pressure range of 5-6 MPa. Overall heat transfer coefficients obtained from the numerical model agree with the experimental
data within £5%. The numerical estimations show that the boiling local heat transfer coefficient reaches a maximum value of 26 kW/
m? K. This value is almost one order higher than that of a conventional water-cooled condenser.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In typical steam turbine cycles, steam of about 33 °C
exhausted from turbines is condensed to water of the same
temperature by taking seawater of about 20 °C into con-
densers. More than 40% of the energy generated from
burning of fossil fuels, even in the most advanced gas-
steam turbine combined power plants, is thereby dissipated
into the environment through steam condensers.

In this new waste-heat recovery system, liquid CO, of
22 °C is used as a cooling medium in the condenser instead
of seawater, as shown in Fig. 1. Heat transfer in the con-
denser of the waste heat recovery system is performed by
steam condensation and liquid CO, boiling. The CO, gas
generated through boiling of liquid CO, in the condenser
is pressurized to 12 MPa using a compressor in a mechan-
ical heat pump system; its temperature is raised to about
90 °C. The resultant CO; of 90 °C is used for heating water
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from 25 to 83 °C in the heat exchanger of the hot water
supply system; its temperature is thereby lowered to
30 °C at 12 MPa. Hot water of 83 °C is delivered to office
buildings, factories, swimming pools, and so on for local
heat supply. The CO, of 30 °C is further cooled to 22 °C
by reducing pressure from 12 to 5.9 MPa in an expander
turbine. The liquid CO; of 22 °C and 5.9 MPa is used again
for cooling steam in the condenser. No waste heat is
released from the system to the environment because the
condenser cooling loop is a closed circuit. The cogeneration
system produces no waste heat pollution. The energy utili-
zation factor of a combined power system is greater than
90% [1].

The local steam condensing heat transfer coefficient can
be estimated using the modified Nusselt correlation devel-
oped by Kern [2]. This correlation has been widely used
for designing industrial condensers. In the past, several
attempts have been made to develop a model of heat trans-
fer for CO, boiling. However, its boiling heat transfer
model has not been well established. Hwang et al. [3] mod-
ified the Bennett and Chen [4] correlation for vertical tubes,
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Nomenclature

A heat transfer area, m?>

D tube diameter, m

G mass velocity, kg/m? s

gravitational acceleration, 9.81 m/s’
hig modified latent heat of vaporization, J/kg
HTC  heat transfer coefficient

enthalpy, J/kg

tube length, m

molecular weight

number of coils

pressure, Pa

Prandtl number

reduced pressure

heat load, W

heat flux, W/m?>

tube radius, m

Reynolds number

overall heat transfer coefficient, W/m”> K
flow rate, kg/s

vapor quality

thickness of annular liquid film, m

oQ

2RO VLT

ST gq?

& cross-sectional vapor void fraction
0 angle, rad

A thermal conductivity, W/m K
u dynamic viscosity, kg/m s

p density, kg/m*
Subscripts/superscripts

cb convective boiling

CO, carbon dioxide side

dry dry

H,O  steam/water side

in inner

L liquid

nb nucleate boiling

out outer

sat at saturated condition

tp two-phase

v vapor

wall  wall

wet wet

applying six new empirical factors based on data of Brede-
sen et al. [5] for a horizontal tube with 7 mm inner diameter
at one saturation temperature. Knudsen and Jensen [6]
included some multipliers to the Shah [7] correlation to
fit it to their data. Thome and Ribatski tested the empirical
correlation models proposed by Yoon et al. [8], Hwang
et al. [3], Thome and El Hajal [9], and Liu and Winterton
[10] to reproduce the wide range of experimental data
obtained by Bredesen et al. [5], Knudsen and Jensen [6],
Yun et al. [11], Yoon et al. [§8], and Koyama et al. [12]
for macrochannel heat transfer. They concluded that the
correlation model proposed by Thome and El Hajal among
the four correlation models gave the best fit for the wide
range of data [13].

In this study, the Thome and El Hajal model has been
combined with the modified Nusselt correlation to develop
a numerical model of steam condensing — liquid CO, boil-

O, compressor

yy 33°C”’
5 kPa

Feed water pump

)
N\

Fig. 1. Waste heat recovery system.

ing heat transfer for the steam condenser in the new waste
heat recovery system. Its applicability was confirmed
through comparison of numerical results with experimental
data obtained from the mockup test facility for the heat
recovery system.

2. Test facility and experimental conditions

The experimental test facility shown in Fig. 2 comprises
a steam generator with superheating, a condenser with a
shell and a helical coil heat exchanger tube, a hot water
supplier with a double tube heat exchanger, an expansion
valve, etc. Both the heat exchanger tube of the condenser
and the hot water supplier are made by copper. The con-

supercritical CO,

Supercritical CO; loop

from (12 MPa, 90°C) gas CO,
to (5.6 MPa, 25°C) 3@ I,=5°C
s T ! S
[\ steam N E 4 >§> 85°C
' r| Hot
: 42| water
CondenserfZzzng o . xr .
e ' 2 supplier
> ; =] 25°C
4 1 water
water liquid CO3

Steam generator Expansion valve

with a superheater

Fig. 2. Schematic diagram of test facility. T, is the CO, superheated
temperature. Measurement: (l) temperature and pressure; (A) pressure;
(o) flow rate.
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densed water is transferred back to the steam generator
through natural circulation. The main measurement
parameters are: the water temperature and flow rate at
the inlet and outlet of the hot water supplier; CO, pressure,
temperature and flow rate at the outlet of the condenser;
steam temperature and pressure at the inlet of the con-
denser; and the condensed water temperature and flow rate
at the outlet of the condenser. All of these parameters were
recorded automatically with sampling frequency of 0.5 Hz.

Steam, water, and CO, pressure at the inlet and outlet of
the condenser were measured using pressure gauge trans-
ducers with an accuracy of +0.5% over the full range.
The steam, water and CO, temperature were measured
using T-type (copper/constantan) thermocouples with
40.5 °C accuracy. The condensed water flow rate was mea-
sured using an electromagnetic flow meter with +0.62%
accuracy; whereas the gaseous CO, flow rate was measured
using a Coriolis type flow meter with +0.52% accuracy.
The positions of the measurement equipment are shown
in Fig. 2.

The CO, inlet pressure at the hot-water supplier was
maintained at approximately 12 MPa; the expansion valve
pressure was varied from 5 to 6 MPa. The CO, flow rate
was controlled using the expansion valve with a Propor-
tional, Integral, Derivative (PID) control system so that
CO» superheating at the condenser outlet was maintained
at 5 °C. The steam pressure was varied from 3.2 to 5 kPa.
The steam superheat was set at 10 °C. The nominal heat
load of 3 kW corresponds to the condensed water flow rate
of 4.44 kg/h. The heat load increases with the condenser
steam pressure because of the higher steam saturation tem-
perature. The heat load also increases with decreasing CO,
quality because of the enhancement of nucleate boiling
heat transfer. The range of experimental conditions for
the condenser is given in Table 1.

The shell and helical coil tube type condenser is shown
in Fig. 3. The tube’s inner and outer diameters are 7.13
and 9.53 mm. The tube wall thickness is 1.2 mm. The active
tube length is 8.5 m. The condenser was placed into the
shell of a 10-1 vacuum vessel. The condenser tube of about
160 mm from the outlet is located under the condensed
water level at the bottom of vessel. The heat transfer in this
region is neglected both in experimental data treatment and
in numerical simulation.

Table 1
Range of experimental conditions for the condenser
Parameters Fluid

CO, H,0
Type Shell and helical coil tube

Helical coil tube Shell
Maximal heat duty, kW 4.5
Maximal flow rate, kg/h 100 6.6
Temperature range, °C 14-22 24-33
Pressure range, kPa (5-6) x 10° 3.2-5.0

226 mm

Inlet

180 mm

Water level
Helical coil tube

Outlet

Bottom

Fig. 3. Shell and helical coil tube condenser.

The experimental facility requires about 2-3 h to attain
a steady-state condition after starting an experimental run.
The steady-state condition was inferred when fluctuation of
the measurement parameters was within their measurement
accuracy for at least 20 min. All measurements were then
averaged over 30-40-min intervals. Such a long interval is
necessary because the condensed water flow rate is rather
small. Throughout the day of the experiment, the pressure
and temperature before the expansion valve were changed
to vary the CO, quality at the condenser inlet. All other
parameters were left unchanged.

3. Numerical model

Fig. 3 shows that numerical local heat transfer model
with steam condensation and liquid CO, boiling was devel-
oped for the condenser with a shell and a helical coil tube
of the new waste heat recovery system. In a coil tube with
N turns, because one turn of the coil tube is located directly
above another turn of the coil tube, the condensate falling
behavior from one turn to the turn below can resemble that
of N horizontal tubes placed one above the other. Because
the coil inclination angle is approximately 1.2°, the coil
tube might be regarded as a horizontal tube. In addition,
because the ratio of the coil diameter (226 mm) to the tube
outer diameter (9.53 mm) is approximately 24, the coil tube
can be regarded as a straight tube. The steam condensation
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heat transfer of the helical coil tube with N turns might be
close to that in the horizontal N-tube bank.

For this study, a steam condensation heat transfer
model on the helical coil tube was constructed based on
the assumption that the heat transfer model obtained for
the 14-tube bank is applicable to the present helical coil
tube. This assumption was confirmed through comparison
of numerical results calculated using the model with exper-
imental data.

The modified Nusselt’s correlation proposed by Kern [2]
for a film condensation local heat transfer coefficient on a
horizontal tube bank, /geam, With an array of N horizontal
tubes is given as

x 137 1/4
gpi(pL — Pv)hrgﬂz

Peam = 0.729N /6
steal //‘L(Tsat - Twall)D

(1)

This correlation well predicted experimental results for the
number of the tube bank from 9 to 15 [14]. For that reason,
this correlation is applied to the present numerical model.
The flow boiling heat transfer model proposed by Kat-
tan [15] and recently updated by Thome and El Hajal for
horizontal in-tube CO, evaporation [16] is given as

Rin (275 - Gdry)hwet + Rinedryhv

htp - 27—5Rin

(2)

A simplified two-phase flow structure is shown in Fig. 4.
The heat transfer coefficient on the wetted tube surface,
hyet, 18 Obtained as a combination of a nucleate boiling heat
transfer coefficient, 4,, and a convective boiling heat
transfer coefficient, A, as

hye = (hy + )", (3)

where A,y is calculated according to the following Cooper
correlation [17]:

/- 55Pr0.12(_logmp’,,)*0»55M—0.55q0.677 (4)
while /., 1s given as

A
hey = 0.0133Re%69pr(]i.4 FL .

(5)
Fig. 4 shows that the thickness of annular liquid film, 9, is
calculable for the truncated annular ring using the same
area occupied by the liquid. The vapor-phase heat transfer

Liquid CO,

Fig. 4. Simplified two-phase flow structure in a horizontal tube.

coeflicient, /vy, calculated with the Dittus—Boelter turbulent
flow heat transfer correlation [18], and assuming tubular
flow over the tube dry surface, is derived as

0.8 0.4
hy = 0.023 (@) <M> v (6)
Elly )‘V D

For simplification, the dryout angle was assumed to be zero
for intermittent and annular flow; it varied linearly to 2x
with vapor quality for stratified-wavy and mist flows. The
flow pattern map for a high mass velocity of carbon diox-
ide (~650 kg/m” s) was taken from Ref. [9].

The heat balance in each elementary segment of con-
denser tube might be written in the following form

hsteam(Tsteam - Twall,out)anoutdL = an
Jrvall (T\Eu(.;:;/T];:l;.in) 2rdL = do, (7)

htp(Twall,in - TC02)27TRindL = dQ

The nonlinear equation set of Egs. (1)—(7) was solved inter-
actively assuming that CO, pressure changes linearly along
the length of the condenser tube. The heat transfer charac-
teristics of the condenser were calculated along with the
condenser tube length: heat flux, CO, boiling heat transfer
coefficient, condensing heat transfer coefficient, CO, qual-
ity, heat load, etc. The numerical overall heat transfer coef-
ficient, U, obtained from the following equation Eq. (8)
was compared to that of experimental data.

Qcalc

sat sat :
Aout(THZO - TCOZ)

Ucac = (8)
The heat load, Q..i., was calculated by integrating the heat
flux, (dQ/2nR,dL), along the condenser tube length.

Thermophysical properties of CO, were calculated using
the NIST Standard Reference Database 12 [19]. To calcu-
late the CO, properties for local HTC estimation the CO,
pressure is assumed to be a linear function along the con-
denser length. It means that the inlet and outlet pressure
are taken from the experimental data. This method allows
to avoid mistakes in the CO, properties calculation caused
by any pressure drop correlations for CO,. The pressure
drop of two-phase CO, was also estimated using an analyt-
ical model described in Ref. [20]. Steam properties were ref-
erenced from the PROPATH database [21].

4. Results and discussion

The steam condensing heat transfer rate, Oy, o, was eval-
uated from the enthalpy if, o and 7}y o, which were evalu-
ated from the temperature measurements at positions 4
and 5 in Fig. 2, and water flow rate, Wy,0, as

QH20 = WHzo(iISLIZO - ’?120)- (9)

The CO, side heat transfer rate, Oc,, was evaluated simi-
larly as

Oco, = Wco,(ico, = ico,)- (10)
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The experimental overall heat transfer coefficient of the
condenser, Uy, can be calculated using Eq. (11):

(Ot Oco,)/2

exp — sa sa ) (11)
’ Aout(THzlo - TC(t)z)

U

where the saturation temperature of the CO, side, T é‘c‘)z, is
calculated for the average CO, pressure and A, is the heat
transfer area of the condenser tube’s outer surface. The
heat loss from the condenser vessel surface to the ambient
is judged to be very small because the difference between
On,o and Qco, 1s less than 1%. Therefore, the average value
of Oy,0 and Qco, was used as the heat load. In all cases, the
CO, superheating at the condenser outlet was maintained
at 5°C.

The condenser heat load decreases with the CO, inlet
quality, as shown in Fig. 5. During the experiment, the
CO, inlet quality is controlled by the CO, temperature
before the expansion valve (position 1 in Fig. 2). The
increase of the CO, temperature decreases the CO, inlet
quality, which is calculated assuming adiabatic expansion
in the expansion valve.

The overall heat transfer coefficient given in Fig. 6
decreases rapidly with the CO, inlet quality. The maximal
value of overall heat transfer coefficient reaches approxi-
mately 4.4 kW/m? K, which is two times higher than the
overall heat transfer coefficient of a conventional water-
cooled condenser.

The numerical local heat transfer coefficients under the
typical experimental conditions, given in Table 2, are
shown in Fig. 7. The numerical and experimental overall
heat transfer coefficients were evaluated from Egs. (8)
and (11). Fig. 8 shows that the numerical results of the
overall heat transfer coefficient agree well with the experi-
mental ones within a deviation range of about +5%.
Numerical estimations showed that among all the experi-
mental conditions the CO, boiling local heat transfer coef-
ficient reaches its maximum value of 26 kW/m? K at the
inlet of the CO, side. This value is almost one order higher
than that in a conventional water-cooled condenser. The

4.5 cozsaturation pressure, MPa/
. .\ steam saturation pressure, kPa
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Fig. 5. Experimental condenser heat load as a function of CO, inlet
quality.
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Fig. 6. Experimental overall heat transfer coefficient as a function of CO,
inlet quality.

Table 2
Typical experimental condition
Pié‘oz (MPa) P25, (MPa) Wco, (kg/h) x"gOZ Pgicam (kPa)
5.92 5.75 95.5 0.001 3.31
22.5 - - foiqlfhty_ - 100
20.0- > ’,
X ] " e 7 tso
NE 17.5 boiling HTC . ,
; 15.0 - °\o
x 60
~ 12.51 N
g :
10.0
T L40 X
© 7.5
e
- 5.0 L 20
2.5
0-0 T T T T T T '0

o
-
N
w
»
o
o
~
o

Tube length, m

Fig. 7. Numerical local heat transfer coefficients along the condenser tube
length.
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Fig. 8. Numerical vs. experimental overall heat transfer coefficient.
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Table 3

Heat transfer performance of different types of condensers

Condenser Conventional New
Coolant Seawater Liquid CO,
Cold side /2, kW/m? K 3 8

Steam side 4, kW/m? K 12 12

Overall HTC, kW/m? K 2.4 4.8
Relative heat transfer area 2 1

corresponding maximal heat flux, as estimated numerically,
is as high as 59 kW/m?. Overall heat transfer coefficients
were also evaluated for a traditional steam condenser of
the same geometry cooled by water, applying the Gnielin-
ski equation [22] to calculate the water-side local heat
transfer coefficient. Table 3 shows that the required heat
transfer area is twice that of condenser cooled by liquid
CO, boiling. The overall heat transfer coefficient is gov-
erned mainly by the CO; boiling heat transfer coefficient
because its value is less than the steam condensing heat
transfer coefficient. Consequently, the design process of
CO,-cooled condenser will be affected mainly by the accu-
racy of CO, boiling heat transfer estimation. However, it is
difficult to estimate from experimental results how well the
empirical correlations for CO, boiling heat transfer apply
to the entire range of CO, quality.

At the exit of condenser, the CO, gas was superheated by
5 °C to ensure that no liquid CO, entered the CO, compres-
sor. For that reason, the last few meters of the condenser
tube are cooled by gaseous CO,. The local heat transfer
coefficient of gasecous CO, is smaller than that of boiling
liquid CO,. Therefore, the required heat transfer area is
only different by twice its area, despite the fact that the max-
imal boiling local heat transfer coefficient is almost one
order higher than that in the conventional condenser cooled
by water. If an internal suction-to-supercritical line heat
exchanger (Fig. 2, the inlet of hot water supplier-outlet of
condenser) is provided, the CO, superheating might be set
to zero. In that case, no ‘gaseous CO,-steam’ heat exchange
is involved and the condenser requirements for an adequate
heat transfer area might be even further reduced.

Appendix A
Experimental raw data
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Fig. 9. Experimental pressure drop vs. CO, side Reynolds number.

The pressure drop is plotted against the Reynolds num-
ber in Fig. 9. Its value is in a range of 19-20.5 kPa/m. The
pressure drop increases slightly with the Reynolds number,
although it is almost independent of the CO, inlet quality.
The pressure drop calculated using an analytical model
described in Ref. [19] appears to be 3.2-3.5 times less than
the experimental pressure drop. No explanations exist for
that fact.

5. Conclusions

A steam condensing-liquid CO, boiling heat transfer
model, which was developed for a steam condenser of a
new waste heat recovery system, reproduces the overall
heat transfer coefficients obtained experimentally within a
range of +5%. Numerical estimations showed that the boil-
ing local heat transfer coefficient reaches its maximal value
of 26 kW/m? K at the inlet of CO, side, which is almost
one order higher than the local heat transfer coefficient of
the conventional water-cooled condenser. The correspond-
ing maximal heat flux is as high as 59 kW/m?. The required
heat transfer area of the condenser cooled by liquid CO» is
half that of a traditional condenser.

Nos. Parameter
CO, side Steam side
Py (MPa) T, (°C) P, (MPa) 15 (°C) Wi (kg/h) AP,_; (kPa) Ps (kPa) T5 (°C) W, (kg/h)
1 10.52 27.6 6.06 25.9 90.8 180 3.71 38.0 5.99
2 10.51 29.5 6.08 27.5 89.8 183 4.01 39.1 5.96
3 10.53 31.5 6.08 27.7 88.0 182 4.02 38.5 5.54
4 9.88 27.2 5.92 25.6 95.5 168 3.31 35.9 6.37
5 9.89 29.1 5.90 26.2 93.9 163 3.51 36.5 6.22
6 9.90 31.1 5.89 26.2 90.7 162 3.52 36.7 5.73
7 9.90 33.2 5.86 26.1 87.2 161 3.52 36.5 5.31




4550

Appendix A (continued)

K. Nikitin et al. | International Journal of Heat and Mass Transfer 51 (2008) 4544—4550

Nos. Parameter
CO, side Steam side
Py (MPa) T, (°C) P> (MPa) 75 (°C) Wi (kg/h) AP;_; (kPa) Ps (kPa) T5 (°C) W, (kg/h)
8 9.92 35.1 5.90 26.0 82.9 167 3.52 36.4 4.75
9 9.93 37.2 5.91 26.1 80.0 166 3.52 36.5 4.29
10 9.95 39.8 5.88 26.1 76.2 163 3.52 36.5 3.70
11 9.86 28.4 6.05 25.9 88.3 170 3.52 36.3 5.63
12 9.87 30.4 6.04 25.9 85.8 169 3.52 36.4 5.32
13 9.90 32.3 6.05 25.9 81.4 170 3.52 36.4 4.94
14 9.92 343 6.05 26.0 77.6 169 3.52 36.5 4.40
15 9.94 36.6 6.05 26.0 74.5 168 3.52 36.5 3.92
16 9.86 28.3 6.08 27.6 93.4 176 3.96 38.2 6.25
17 9.85 30.3 6.07 27.9 91.0 175 4.02 38.2 5.84
18 9.86 322 6.04 27.9 88.4 174 4.02 38.3 5.53
19 9.89 342 6.03 27.9 85.0 173 4.02 38.2 5.07
20 9.91 36.1 6.01 28.0 81.8 170 4.02 38.2 4.61
21 9.94 38.9 5.98 28.1 77.6 168 4.02 38.3 4.02

The notations accord with those of Fig. 2.
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