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Development of a Plate-Fin Type Gas Turbine Recuperator
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A plate-fin type recuperator for a gas turbine/fuel cell hybrid power generation system was

designed, manufactured, and tested. Performance analysis shows that the performance of the

system is directly affected by the performance of the recuperator. Therefore, the recuperator
should be designed and manufactured carefully, and its performance should be tested and
verified before it is integrated into the system. In this paper, the developing procedure including

designing, manufacturing, and testing of a cross flow plate-fin type recuperator was presented.

Performance test results showed that the design requirements of the recuperator were almost

satisfied. Based on the test results, improved design to reduce the size of the recuperator was

suggested.
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System
Nomenclature
d : Throat diameter of venturi
D . Pipe diameter connected to venturi

wm . Mass flow rate (kg/s)
P. . Total pressure (kPa)

Re : Reynolds number
T . Temperature (C)
AP . Pressure difference of venturi

AP; : Total pressure drop per stream
APy an . Overall total pressure drop

Greek

B . Diameter ratio of venturi (d/D)

i . Effectiveness of recuperator

o . Density of air at in-out averaged temper-

ature
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o1 . Density of air upstream venturi
Subscripts

c . Cold stream (air side)

h . Hot stream (exhaust gas side)
in : Recuperator inlet

out . Recuperator outlet

1. Introduction

In a gas turbine/fuel cell hybrid power genera-
tion system, the role of recuperator is to recover
heat from gas turbine exhaust gas and to pre-heat
compressed air which is supplied to the fuel cell
system and the gas turbine combustor. System
performance analysis shows that the system effi-
ciency is very sensitive to the performance of the
recuperator. One percent decrease of the recu-
perator effectiveness or one percent increase of the
overall total pressure loss results in nearly one
percent drop of the system efficiency. Thus, low
pressure drop and high effectiveness are essen-
tial conditions of the recuperator. Figure 1 shows
the schematic of the gas turbine/fuel cell power
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Fig, 1 Schematic of gas turbine/fuel cell hybrid power generating system

generation system, which has been developed by
KARI (Korea Aerospace Research Institute). The
hot gas from the gas turbine combustor and the
fuel cell are mixed and the mixed hot gas drives
the turbine. Then, the turbine exhaust gas enters
the recuperator and exchanges heat with the com-
pressed air from the compressor, and proceeds
to the steam generator. The compressed air from
the compressor enters the recuperator and is pre-
heated by the turbine exhaust gas, and sent to the
fuel cell system and the gas turbine combustor.
The effectiveness of the recuperator determines
the temperature of the pre-heated compressed air
and, as a result, determines the amount of fuel
supplied to the gas turbine combustor and the
fuel cell combustor. Accordingly, the effectiveness
of the recuperator affects the system performance
directly.

Plate-fin heat exchanger (PFHE) was selected
as the recuperator in the project because of its
compactness. Compared to other types of heat ex-
changers such as shell and tube type or plate type,
PFHE has much higher surface area density (heat

transfer area/volume). Therefore, the overall size
of PFHE is much smaller than other heat ex-
changers with equivalent heat transfer capacity.
Because the working fluids of the recuperator are
filtered compressed air and burned gas of LNG,
the fouling effect, which is one of the major ob-
stacles to use PFHE, can be neglected in this case.
The maximum operating temperature of a stain-
less steel PFHE can be as high as 800°C and the
maximum operating pressure of a stainless steel
PFHE can be up to 16 bar at the operating tem-
perature of 800°C (Sumitomo Precision Product
Co., 2006) Therefore, the required design condi-
tion of the recuperator, which will be presented
later on, can be achieved by this type of heat ex-
changer.

Cross flow PFHE was selected as a recuperator
in this project because it is easier to design and
fabricate than the counter flow PFHE. A counter
flow PFHE, which is more compact and efficient
but more difficulty to design and manufacture,
will be the next step of this development.



1070

2. Design and Manufacture

Commercial PFHE designing software (Aspen
Technology Inc., 2003) was used to design the
core of the recuperator and another commercial
software (Fluent Inc., 2004) was used to calculate
the performance of headers.

Table 1 shows the design requirement of the
recuperator. The effectiveness of the recuperator
and the overall total pressure loss were defined by
Egs. (1) and (2), respectively. The overall total
pressure drop includes the pressure drop of both

streams.
— Teowr—Ten
77_ Th,in_Tc,in (1)
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Table 2 presents the operating conditions of the
recuperator calculated by system performance an-
alysis. The outlet condition of each stream was
calculated based on the target effectiveness of 83%
and the pressure drop of 3% for each stream.

The fin used in the design is plain type one. The

Table 1 Recuperator design conditions

Effectiveness above 83%
Overall total pressure drop below 6%
Maximum operating temperature 650°C
Maximum operating pressure 400 kPa
Type of recuperator plain plate-fin type
Combustor fuel* LNG

*combustor’s fuel is LNG and combustion effi-
ciency is 99.8%.
The calculated fraction of combusted gas is

N:=76.8%, CO,=1.2%, 0,=18%, H,0=4%
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height, thickness, and frequency of the fin are
5.10 mm, 0.203 mm, and 787 fins/m, respectively.
Because the overall total pressure drop is one of
the critical design factors of the recuperator, plain
fin was used in the design in order to minimize
the overall total pressure drop. Figure 2 presents
the thermal and pressure drop characteristics of
the fin. Fig. 2 shows that at the laminar region,
i.e. Reynolds number is less than 2000, both
Colborn factor and friction factor decreases as
Reynolds number increases. In this work, because
the range of Reynolds number at the fin is be-
tween about 80 and 170, it is expected that the
effectiveness and pressure drop decrease as the
Reynolds number increases in the range.

Table 3 shows the summary of the design re-
sults. The total number of layers is 132 and each
side of stream has same number of layers. The fin
plates were stacked in such a way that one stream
layer is placed between the other stream layers.
The thickness of the parting sheet was 1 mm, and
the width and height of side bar were 12 mm and
5.1 mm, respectively
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Fig. 2 Thermal and pressure drop characteristic of
the fin

Table 3 Design results of the recuperator

Table 2 Recuperator operating conditions exchanger width (mm) 605.5
Air side Gas side depth (stack height) (mm) 805.2
(cold stream) (hot stream) effective width (mm) 585.5
inlet | outlet | inlet | outlet total number of layer 132
T (C) 171 5549 | 633.6 | 266.6 heat transfer area (m2) 442.32
P, (kPa) 349.32 | 338.84 | 107.67 | 104.44 side bar width (mm) 12
Flow rate (kg/s) 0.67 0.6767 parting sheet thickness (mm) 1.0
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Table 4 shows the estimated performance of the
recuperator by the design software. In the per-
formance calculation, fluid velocity and tempera-
ture were assumed to be uniform in all fins, and
heat loss to the surrounding was neglected. The
estimated effectiveness and the overall total pres-
sure drop is 87.3% and 2.44%, respectively. Since
the design margin of heat transfer area was 110%
in the design, the estimated results showed better
performance than the design conditions. In the
performance estimation, the overall total pressure
drop was calculated in the core only.

Because the design software can not design head-
ers, separate designs and performance calcula-
tions were conducted for the headers (Hwang et
al., 2004 ; Jeong et al., 2004). Figure 3 illustrates
the cross section of the designed inlet header for
both streams. Seven vanes and a baffle are placed
in order to make core inlet flow as uniform as
possible. Another role of the vanes was reinforce-
ment of the header which operates at as high as
650C. A baffle was installed just after the transi-
tion region from the circular pipe to the rectan-
gular header. The thickness of the baffle was 5
mm and 10 mm-diameter holes were placed with
a center—to—center distance of 12 mm. At the out-

Table 4 Calculated performance of the recuperator

Air Gas ,
(cold stream) (hot stream)
Tin (C) 1710 633.6
Tout (C) 574.92 256.13
Piin (kPa) 349.3 107.7
AP, (kPa) —0.68 —2.42
80__120_.60 240 6090 Unit=mm
i
HEAT
- EXCHANGER
FLOW CORE
|
Transition from circle
to rectangular
Baffle -

Fig. 3 Cross section of the inlet header

let headers, vane or baffle was not used since the
pressure drop in outlet header is much smaller
than that in the inlet header. Table 5 shows the
estimated performance of the cold side header
(Hwang et al., 2004). The results show that the
pressure drop at the inlet header is about seven
times bigger than that at the outlet header.
Figure 4 describes the layout of the heat ex-
changer core. The core consists of 8 modules and
each module has 16 or 18 fin layers. Individual

Table 5 Estimated performance of the header (cold

side)
AP, at inlet header (kPa) 1.54
APy at outlet header (kPa) 0.21
AP, (kPa) 1.75
Average V at core inlet (m/s) 4.41

Cap She€f><:;,,\

4 18 fin plates
module

16 fin plates
module

| +<— 18 fin plates
module

Cap Shest— "

Fig. 4 Layout of the heat exchanger core

Fin Stacking
Assembly

Fig. 5 Assembled core
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modules were brazed separately, and then were
welded together. STS316L was used for fins, part-
ing sheets, side bars, cap sheets of the core and
hot side headers. For the headers used in lower
temperature condition (hot stream outlet and
cold stream inlet), STS304 was used. After the
core was assembled, flanges for the headers were
welded on the core. Figure 5 illustrates the core

assembled with flanges.
3. Test Facility

Performance tests of the manufactured recu-
perator were performed using air as working fluid
for both hot and cold stream. Figure 6 illustrates
the performance test facility installed at KARI.
The test facility consists of an air compressor, two
electric heaters with total power of 700 kW, flow
meters for high temperature application, control
valves to control flow rate and inlet pressure con-
dition, combination probes to measure tempera-
ture and pressure at a time, and data acquisition
system. The maximum mass flow rate and pres-
sure of air supplied by the facility compressor is
2.1kg/s and 4.2 bar, respectively. As shown in
Fig. 6, a single compressor supplied air to both
hot and cold stream of the recuperator. To heat
each stream of air to the pre-determined test con-
ditions, two heaters were used systemically. By-
passed unheated air and heated air were mixed
and supplied to the cold side of the recuperator.
For the hot stream, air.was heated by both 300
kW and 400 kW heaters. Even though the pipe
between the heaters and the recuperator was in-

Pressure control valve

Flow control valve A

Pressure control valve

HY TP T TTYY Y

Flow control valve
Fiow melerH 1 I
v

. Flowjmeter
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306kW renmnaanas Pt P o
Efectric
Heater
N [°A Air comprossor

Fig. 6 Schematic of the performance test facility
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sulated, heat loss to its environment was inevita-
ble. To compensate for the heat loss, the supplied
air was heated up to 710°C which is above the

.required temperature at the recuperator’s inlet

(about 610°C). The flow rate of each stream was
measured by a venturi flow meter made of STS
310. Total 4 control valves were installed up-
stream and downstream the recuperator to control
mass flow rate and inlet pressure. Because air for
both hot and cold streams was supplied from a
single compressor, operation of a valve on one
stream affected the mass flow rate and inlet pres-
sure of the other stream. In the test, therefore, all
of the four valves were controlled simultaneously
in order to control the test condition.

At the inlet and outlet pipes connected to the
headers, combination probes were installed to mea-
sure temperature, static pressure, and total pres-
sure simultaneously. Combination probe is a Pitot
tube, made of STS 310, with a thermocouple em-
bedded inside and can be used in high tempera-
ture environment up to 920°C. At the inlet of each
stream, temperature and pressure were measured
just before air entered the header in order to take
into account the pressure loss in the header. At
the outlet of each stream, measurement was per-
formed at just after air exits the outlet header.
Because of the complex flow characteristic in the
outlet header, the maximum temperature differ-
ence in the outlet measurement plane was over
150°C. To measure the mass-averaged tempera-
ture and pressure distribution at the outlet, 4 com-
bination probes were installed with 45 degree

_smm & T
T L e

R

Fig. 7 Measurement locations at outlet pipe
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angle as shown in Fig. 7. Each combination probe
was traversed and measured temperature and pres-
sure at nine points. To avoid wall effect near the
pipe wall, the minimum distance between the pipe
wall and the tip of the combination probe was
kept as 5mm. The difference between the flow
rate measured by the venturi flow meter and the
mass-averaged flow rate by combination probes
was less than 5%. At the inlet, because of long and
straight inlet pipe, the distributions of tempera-
ture and velocity in the measurement plane were
nearly uniform. Therefore, three K-type thermo-
couples and two combination probes were used to
measure inlet conditions at the fixed locations.
Uncertainty assessment was performed for the
key performance parameters, following [SO guide
(International Organization for Standardization,
1995). For the mass flow rate measurement by
venturi, Eq. (3) was used to calculate the air flow
rate.
wm

- Il =
_Cd/l——ﬁ” 4d2¢2APp1 (3)

Table 6 Measurement parameters and standard un-

certainties
Performance Elementary Nominal Standard
Parameters Measurement value Uncertainty
Parameters
Ca 0.9885 1%

d 82.75mm | 0.025mm

D 12698 mm | 0.025 mm

m AP 22740 Pa 3390 Pa
Py 24288 kPaG | 1.980kPa
Pons 101.20 kPaA | 0.179 kPa

T 44645 K 1.118K
Pryi 11293 kPaA | 0.241 kPa
Pry0ut 109.14 kPaA | 0.241 kPa
APT,all

Pren 346.36 kPaA | 0.241 kPa
Prou 34538 kPaA | 0.241 kPa

Tnin 895.64 K 2.148 K

Ten 443.80 K 2.148 K

7 Te.out 81598 K 9.655 K
Preow  |345.38 kPaA| 0.241 kPa
Pscoun 344.90 kPaA| 0.241kPa
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All temperatures except cold stream outlet were
time-averaged values of about 13,000 samples. Tcout
was mass— and time-averaged. Table 6 shows the
elementary measurement parameters, their nomi-
nal values and standard uncertainties. The calcu-
lated combined uncertainties of mass flow rate,
effectiveness, were 0.0068 kg/s, 2.6%, respectively,
and the standard uncertainty of the pressure was
241 Pa.

4. Performance Test Results

Performance tests were conducted for three dif-
ferent conditions. Table 7 shows test cases. Con-
dition of case 1 was set to be close to the design
condition. In case 2, hot side inlet temperature
was about 40% lower than that of case 1, and
mass flow rates of both streams for case 3 were
about 45% less than those of case 1. In all cases,
the mass flow rate of each stream was controlled
to be similar to each other.

Figure 8 shows the temperature distribution at
the cold stream outlet for case 1. As mentioned

Table 7 Test cases

case | parameter | cold side | hot side

1 Pt,m (kPa) 346.36 109.14 reference
i (kg/s) 0.66 0.67 case

2 | Py (kPa) 341.18 110.78 lower
i (kg/s) 0.70 0.72 Thin
P,n (kPa) | 342.03 104.61

3 lower
w (kg/s) 0.36 0.36

Tooud'C}
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Fig. 8

Temperature distribution at cold side outlet
(case 1)
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previously, outlet temperature was measured by
traversed combination probes. In Fig. 8, the tem-
perature on the right side of measurement plane is
higher than that on the left side of measurement
plane. Because the hot stream entered from the
right side, the temperature of air at the right side
of the core is higher than that of the left side. That
resulted in the distorted distribution of tempera-
ture at the outlet pipe. This result emphasizes that,
at the heat exchanger outlet, measurement should
be performed at as many as possible points and
results should be mass-averaged.

Table 8 shows the test results and calculated
results at each test condition. Because perform-
ance tests were conducted with air, the perform-
ance of the recuperator was calculated again with
air as working fluid for both streams, as suggested
by the American Society of Mechanical Engineer
(2001) . At near the design condition (case 1), the
measured effectiveness and the overall total pres-
sure drop was 82.4% and 3.64%, respectively. The
measured effectiveness was 2.3% lower than the
calculated one. The possible reasons for this defi-
ciency in the effectiveness are flow mal-distribut-
ion and the heat loss to its surroundings. In the
calculation, the velocity at the core inlet is as-
sumed as uniform one, but is not uniform in the
test case. Also, though 100 mm-thickness insula-
tor was wrapped around the recuperator, some
degree of heat loss is inevitable. Those two rea-

Table 8 Test and calculated results

parameter | measured calculated
APt,h (kPa) 3.79

AP (kPa) 0.28

2.15 (core only)
0.64 (core only)

Case 1
APy (%) 3.64 | 2.16 (core only)
7 (%) 82.4 84.7
APy, (kPa) | -2.79 1.55 (core only)

APy (kPa) 0.87
APean (%) 2.78
7 (%) 80.8 85.5
APy (kPa) 1.56
AP (kPa) 0.48
APy (%) 1.63
7 (%) 80.4 88.6

0.48 (core only)

Case 2
1.54 (core only)

1.16 (core only)

0.35 (core only)
Case 3

1.21 (core only)

sons caused the difference in the measured and
the calculated effectiveness. Test results also show
that the pressure drop in hot stream is much hig-
her than that in cold stream. This is caused by
higher inlet velocity of the hot stream due to hig-
her temperature (lower density).

The measured effectiveness of cases 2 and 3
were 4.7% and 8.2% lower than those by calcula-
tion, respectively, and those are much lower than
case 1. The major possible cause of these differ-
ences is header design. The header was designed
to be optimized at the design condition and the
inlet flow may not be well-distributed at the off-
design condition. Maldistribution of inlet air re-
sults in lower effectiveness. Ranganayakulu et al.
(1997) calculated the effects of the inlet flow
non-uniformity on the thermal performance and
pressure drop in a cross flow compact PFHE.
They showed that the effectiveness and the total
pressure drop of a compact PFHE could be sig-
nificantly affected by the non-uniformity of inlet
flow. In some case, the deterioration in the effec-
tiveness could be more than 20% compared to the
uniform inlet flow case.

Figure 9 shows the effect of Reynolds number
on the effectiveness. In this paper, the Reynolds
number was defined as following:

Re=LYZn VD (4)
u
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In Eq.(4), Dy is the hydraulic diameter of
the fin, V'is the averaged velocity at the fin, and
o and yu are density and viscosity of air at the
averaged temperature of the inlet and the outlet
of the stream. Since the mass flow rate and the
in-out averaged temperatures of both streams
were similar, the difference in calculated Rey-
nolds number for both streams was less than 5%,
In Fig. 9, Reynolds number calculated in the cold
stream was presented. Figure 9 shows that the cal-
culated effectiveness decreases as Reynolds num-
ber increases, which is due to the heat transfer
characteristic of the fin. As Reynolds number in-
creases, the Colburn factor of plain fin decreases
as shown in Fig. 2, and results in decreased effec-
tiveness. In the test results, the effectiveness of
cases 1 and 2 show the trend, however, the effec-
tiveness of case 3 is lower than the expected value.
This is possibly caused by the flow mal-distribu-
tion. As mentioned previously, the header was
designed to be optimized at the design condi-
tion and the flow distribution performance of the
header can be worse in off-design conditions,
especially at lower Reynolds number condition.

5. Improvement of design

In the test results of case 1, the effectiveness was
a little bit lower than design requirement. How-
ever, the overall total pressure drop was about
40% lower than design condition. This means that
there is a margin to reduce the cross sectional area
of core, i.e. the total number of layer with given
fin geometry and the size of fin plate. Figure 10
shows the effect of the number of layer on the
effectiveness and the overall total pressure drop in
the core. In Fig. 10, only the number of layer was
changed, and fin height, width, and length were
kept as constant. In the calculation, working
fluids for hot and cold stream were gas turbine
exhaust gas and compressed air, respectively. As
the number of layer per stream increases from 35
to 55, the overall total pressure drop decrease by
37% (from 4.73% to 2.98%), while the effective-
ness increases only 3.7% (83.2% to 86.2%). The
overall total pressure drop is sensitive to the total
number layer, while the sensitivity of the effec-
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Fig. 10 Effect of the number of layer on the effec-
tiveness and the overall total pressure drop

tiveness on the total number of layer is not sig-
nificant. Figure 10 suggests that, if optimized
headers are used and heat loss to its surroundings
is minimized, the recuperator with less than 45 la-
yers per stream could satisfy the design require-
ment of this work. This suggestion is based on the
analysis by the design software only. However,
because the comparison between the calculated
and the test results showed that the accuracy of
the design software was acceptable, it is expected
that the suggestion would be valid with allowable
error.

6. Conclusions

A cross flow plate-fin type recuperator for the
gas turbine/fuel cell hybrid power generation
system was designed, manufactured, and tested. In
the design, commercial PFHE design software
and commercial CFD software were used. Test
results show that the measured performance of
the recuperator almost satisfies its design condi-
tion. Also, test results show that, at the reference
case, the measured effectiveness (82.4%) was lower
than calculated one (84.7%), while the overall
total pressure drop had about 40% margin. The
analysis by the design software suggested that if
the headers are optimized and the heat loss is
minimized, the total number of layer can be re-
duced and, as a result, the manufacturing cost can
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be also reduced.
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