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ABSTRACT
Gutierrez, Carlos Eduardo. M.S. Egr., Department of Mechanical and Materials
Engineering, Wright State University, 2013. Dynamic Simulation of Turbine Engine
used with Molten Carbonate Fuel Cell for Power Generation in the Megawatt Range.

Molten carbonate fuel cells (MCFC) have a high operating temperature of
approximately 650° C (1200° F) to achieve sufficient conductivity of its carbonate
electrolyte. Therefore, a gas turbine engine coupled with a MCFC is desirable since the
turbine engine can be used to provide hot gas to the cathode, and the cathode gas residue
can be used to raise the temperature of the natural gas and water vapor mixture (fuel)
before it enters the MCFC at the anode. Dynamic models of a hybrid power plant
consisting of a gas turbine engine and a MCFC with their respective components were
developed in MATLAB/Simulink to capture in real time the changes due to sudden
fluctuations on power loads, air flows, etc., and to develop safe and efficient control of
this system. The power plant is composed by a compressor, turbine, shaft, heat
exchangers, heat recovery unit, an oxidizer and a molten carbonate fuel cell working
synergistically able to achieve high operating efficiencies and power demands in the MW
range. The project is a joint effort between Purdue University and Wright State
University where the oxidizer and fuel cell models are developed by Purdue, and the rest
of the components are developed by Wright State University.
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1. INTRODUCTION
In the past few years, a great deal of attention has been given to fuel cells coupled
with gas turbine engines to create systems for power generation. These systems can
achieve very high efficiencies. There are a couple of configurations that have been
developed. For instance, one of them has a gas turbine engine with a high temperature
operating fuel cell placed where the combustor usually is. Air is compressed by the
compressor and then heated. The pressurized flue gas then enters the cathode side of the
fuel cell where it would react electrochemically to create electricity with pressurized fuel
provided at the anode. The pressurized flue gas leaving the cathode would then enter the
turbine where it is expanded to create even more electricity.
This particular system has the disadvantage that the fuel cell has to be operated
within a pressure range, which may not be the most suitable pressure ratio for the turbine
engine. Another disadvantage is that the fuel cell needs to be operated at pressures much
higher than ambient pressure increasing the cost of the fuel cell for materials and
impeding internal reforming of the fuel further increasing the overall cost and affecting
the efficiency of the system. In addition, the fuel cell and turbine engine mutually rely on
each other for the system to function, in that way, affecting its reliability [2].
The hybrid system being modeled was developed by FuelCell Energy, Inc. In this
system, the fuel cell and turbine engine run independently from each other and the
turbine engine is able to operate in a wide range of pressure ratios (from 3 to 15). This
means that different power plant sizes can be achieved where low pressure ratios are used
for sub-MW power plants, and high pressure ratios (9 to 15) are used for MW plant sizes
[1][24]. The latter is the case being modeled.
1

2. BACKGROUND
It is important to acknowledge that this project is a joint effort between Wright
State University and Purdue University. Purdue University is responsible for the fuel cell
model as well as some related components such as the catalytic oxidizer, while Wright
State University is in charge of the components in the gas engine including the heat
exchangers that would be related to the gas turbine engine operation and fuel preparation.
Now, the hybrid system being modeled is shown in Fig. 2.1

Compressor

Turbine

Fig. 2.1 Hybrid GT/MCFC System

Each of the components of the plant will be discussed in detail in subsequent
chapters, so for now the process on how the plant operates and the main function of each
component is discussed.
The fuel cell is a molten carbonate fuel cell (MCFC). On the fuel cell side, water
and natural gas are fed through a heat recovery unit, which operates on waste heat from
the cathode exhaust. After the water is evaporated in the HRU, it is then mixed with the
2

natural gas. This mixture enters the anode of the MCFC as fuel. The
humidification process provides the steam needed for the reforming of natural gas. This
natural gas/water-vapor mixture reacts in the fuel cell with the gas provided at the
cathode producing electricity. Not all the fuel reacts, so some of it just passes through the
anode. The anode exhaust is then fed to a catalytic oxidizer where it reacts with the air
that is being delivered by the turbine. This oxidizer also serves to convert any carbon
monoxide leaving the anode to carbon dioxide which is used in the cathode side of
MCFC. The product hot gas from the oxidizer is then fed through a shell-and-tube heat
exchanger (STHX) to heat up the air coming from the compressor. The gas from the
oxidizer is cooled down in this process and leaves the heat exchanger at a temperature
that is suitable for the MCFC to the cathode side. Finally, the cathode exhaust gas is
directed to the heat recovery unit (HRU) which will prepare the natural gas/water-vapor
mixture that is used in the anode.
On the turbine engine side, air is compressed by the compressor and is fed
directly to the STHX where it is heated using the oxidizer gas. The compressed hot air is
now ready to enter the turbine where it is expanded to slightly above ambient pressure. It
is important to notice that the compressed air can also be fed through the HRU before it
enters the STHX. As a matter of fact, that is how the original system was developed by
FuelCell Energy, Inc. However, since the system modeled operates at a pressure ratio of
~10, the compressed air leaves at a high enough temperature (about 350 °C) from the
compressor where it can be directly fed to the STHX.
There has been a lot of research over the past years on the development and
commercialization of fuel cells. There are different kinds and each is suited better to
3

different types of applications. This research will focus on molten carbonate fuel cells,
which is used for power generation and the type used for the power plant configuration. .
There are several developments in the literature based on particular assumptions
for MCFC. Lukas et al developed the modeling and control aspects of an internal
reforming MCFC power plant. They developed a lumped-parameter MCFC model based
on representation of both fast and slow dynamics by considering reforming reaction
kinetics, mass storage, and cell polarization losses [6, 25]. Although their research is
focused on the fuel cell side only, a lot of it is applicable to the hybrid MCFC\Turbine
engine power plant and the fuel flow control used in this simulation as well as the
dynamics in the MCFC are based on their work.
Gas turbine engines are widely used for different type of applications in the
aviation, maritime and power generation industries. Even though turbine engines vary in
sizes and types, they all share the same basic components such as compressors
combustors and turbines. The gas turbine engine model used in this simulation was
developed by Scientific Monitoring Inc. The engine model is based on a component
approach for ease of modification and replacement of different engine components [3].
Each component is a closed functional unit with its own set of inputs and outputs and if
these are provided, the component can operate independently. For example, the turbine
module can be used as a stand-alone turbine component for a given set of flow and
efficiency maps, and a given set of upstream and downstream boundary conditions.
Alternate configurations based on the system studied shown in Fig 2.1 have been
considered using the same principle of decoupling the gas turbine engine with the MCFC.
Ghezel-Ayagh et. al. [1] presented an approach for a 40MW plant design based on fuel
4

cell clusters of the existing MCFC by Fuel Cell Energy Inc. and using a gas turbine
engine with inter-stage compressor cooling to obtain very high overall compressor
pressure ratios without the significant increase of compressor outlet temperature to
ultimately increase the overall fuel efficiency of the hybrid plant. The same methods that
will be illustrated in this research can be used to extend to any other power plant
configuration with multiple turbine engine spools, heat exchangers, molten carbonate fuel
cells, etc.
The purpose of this research is to present a detailed modeling approach for each
of the components and sub-components of this MCFC/GT power plant to capture in real
time the changes due to sudden fluctuations on power loads, air flows, etc., and to
develop safe and efficient control of this system. Each of the components of the system
was modeled using Matlab/Simulink which is able to simulate linear and nonlinear
systems in continuous or discrete time. Moreover, the user is allowed to change different
parameters/inputs while the simulation is running and immediately see and analyze the
results.

5

3. SYSTEM MODELING
3.1 Gas turbine Engine

Compressor

Turbine

Fig. 2.1.A Hybrid GT/MCFC System – Gas Turbine Engine

The turbine engine model was developed by Scientific Monitoring, Inc. A
volume–inertia method is applied in a lumped fashion for each component (compressor,
turbine, etc). Therefore, a multiple stage turbine or compressor is simulated as one
component. For the compressor and the turbine, the dynamic modules are based on
volume dynamics. The dynamics for the shaft are based on moment of inertia.
Compressor and turbine maps and lumped volumes for each component are required for
its respective modules to work.
Shaft speed and moment of inertia are the design parameters for this module to
work. The components are linked upstream to downstream, because they were created to
simulate flow from inlet to exhaust.
For this case, only the compressor, turbine and shaft modules are used since the
combustor is replaced by a shell-and-tube heat exchanger which serves as the “bridge”
6

between the MCFC and the gas turbine engine.

3.1.1 Compressor
This model contains a static section as well as a dynamic section. Flow,
efficiency, exit temperature, surge margin and required shaft torque are calculated in the
static section. The map values of corrected flow, efficiency and pressure ratio are
functions of corrected speed and Rline (arbitrary parameter). The transition volume
dynamics computes the exhaust pressure. It is calculated by integrating over time the
difference between airflow delivered downstream and airflow required downstream at
exhaust temperature [3].

Compressor - Static Section

The inlet free stream temperature, T c , in , and pressure, Pc , in , are nondimensionalized
by dividing each by its respective standard sea level static values.
c 

c 

T c , in

(3.1)

T ref
Pc , in

(3.2)

Pref

where T ref  518 . 7  R and

Pref  14 . 7 psia

for English units, which is the case here.

The corrected engine speed N c is computed
Nc 

N

(3.3)

c

where N is the actual speed of the shaft in RPM.
7

The percentage speed used to pull out values from the compressor map is
obtained computing
N% 

Nc

 100 ,

(3.4)

N cDes

where N cDes is the compressor corrected speed at design point.
Fig. 3.1 is the compressor map used in this model showing the relationship
between corrected mass flow, pressure ratio, corrected engine speed and compressor
efficiency.
.

The corrected mass flow m Ccorr , compressor efficiency  c and pressure ratio PR map
, are functions of an arbitrary parameter (Rline) and N%.
.

m Ccorr  f ( Rline , N %)

(3.5)

 c  f ( Rline , N %)

(3.6)

PR map  f ( Rline , N %)

(3.7)

8

Fig. 3.1 Compressor Map – [3]
.

The mass flow rate m Cin going into the compressor is computed using the
definition of corrected mass flow once obtained from the map
.

m Ccorr  c

.

m Cin 

(3.8)

c

The outlet temperature, T c , out , is calculated using the relationship
 1

T c , out
T c , in



PR map



c

1

1

(3.9)

where γ is the specific heat ratio evaluated at the average between inlet and exhaust
temperature.
9

Two flow parameters FP map and FP vol , are calculated using

PR map

and PR c

respectively.
 1

.

FP map 

 1

.

FP vol 

1

c

PR map

m Ccorr



PR map

m Ccorr

PR map



1

c

PR c

1

(3.10)

1

(3.11)

Here PR c is the pressure ratio calculated with the outlet pressure Pc , out , computed
in the dynamic section, and the inlet pressure Pc , in .
PR c 

Pc , out

(3.12)

Pc , in

The arbitrary parameter Rline is iterated until the following condition is satisfied
FP vol  FP map  0

(3.13)

Finally, the torque required by the compressor is calculated in the following
manner
E net   c 

where E net is the net energy,  c the torque required by the compressor and  is the angle
moved in radians.
The required torque for the compressor  c is then calculated by
.

c 

m Cin | h out  h in | 60
N

(3.14)

2
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where h in and h out are the inlet and outlet enthalpies respectively and N is the speed of the
shaft in RPM.
Compressor - Dynamic Section
The exhaust pressure

is computed by applying the continuity equation and

Pc , out

the ideal gas equation.
.

.

m in  m out 

dm

(3.15)

dt

P   mRT

(3.16)

Substituting m from the ideal gas equation to the continuity equation we obtain
P
t

.



.

( m in  m out ) RT




P T

(3.17)

T t

Finally, after simplifications suggested by Horobin [8]
.

.

( m in  m out ) RT


The second term can be dropped and
.

dP c , out
dt



P T



Pc , out

T t

is calculated by

.

( m in  m out ) R air T c , out

(3.18)

c

3.1.2 Turbine
The corrected mass flow and turbine efficiency are read off the maps and are a
function of corrected speed and pressure ratio Pturb , in

/ Pturb , out

. The transition volume

dynamics computes the exhaust pressure based on air thermodynamic properties just as it
is done in the compressor module [3].
11

Turbine - Static Section
The turbine map used in this model is divided into two, Fig. 3.2 and Fig. 3.3. Fig.
.

3.2 shows the relationship between corrected mass flow m Tcorr , pressure ratio PR turb , and
corrected turbine speed N%, while Fig. 3.3 shows the relationship between turbine
efficiency t , PR turb and .

N%

Fig. 3.2 Turbine map - Pressure Ratio vs. corrected mass flow – [3]

Just as it was done in the compressor, the pressure and temperature of the stream
going into the turbine are nondimensionalized
12

 turb 

 turb 

T turb , in

(3.19)

T ref
Pturb , in

(3.20)

Pref

where again T ref  518 . 7  R and

Pref  14 . 7 psia .

Fig. 3.3 Turbine map – Efficiency vs. Pressure ratio – [3]

The corrected turbine speed N turb is computed
N turb 

N

(3.21)

 turb
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where again N is the speed in RPM of the shaft connecting the compressor and turbine.
The percentage speed used to pull out values from the turbine map is similarly obtained
by computing
N turb

N% 

 100 ,

(3.22)

N turbDes

where N turbDes is the turbine corrected speed at design point.
The pressure ratio is defined as
PR turb 

Pturb , in

(3.23)

Pturb , out
.

The corrected mass flow m Tcorr is obtained from Fig. 3.2 and is a function of N%
and PR turb
.

m Tcorr  f ( PR turb , N %)

(3.24)

The turbine efficiency  t is obtained from Fig. 3.3 and is also a function of N%
and PR turb
 t  f ( PR turb , N %)

The outlet temperature
T turb , in
T turb , out



T turb

(3.25)

, out

is then obtained by using the following relationship

1
1   t (1  PR turb

(1   ) / 

(3.26)
)

.

The mass flow rate m Tin is computed just as it was done with the compressor
using the definition of corrected mass flow

14

.

m Tcorr  turb

.

m Tin 

(3.27)

 turb

Finally, the torque given by the turbine is calculated the same way as it was done
with the compressor
.

 turb 

m Tin | h out  h in | 60

(3.28)

2

N

Turbine - Dynamic Section
The turbine exhaust pressure Pturb , out , is obtained the same way as it was done in
the compressor
.

dP turb , out



.

( m in  m out ) R air T turb , out
 turb

dt

(3.29)

3.1.3 Shaft
The difference between the turbine and compressor torques is dynamically
integrated to obtain the shaft speed. This speed (N) is fed back to the compressor and
turbine modules.
The relationship between torque and angular velocity is the following
 net  I

d

(3.30)

dt

where ω is the angular velocity in rad/s. This can also be written as the equation shown
below solving for the shaft speed
dN
dt



( turb   c ) 60
I

(3.31)

2

15

where  turb and  c are the turbine and compressor torques respectively, I is the moment
of inertia of the shaft, and N is the speed of the shaft in RPM.

3.2 Shell-and-tube heat exchanger

Compressor

Turbine

Fig. 2.1.B Hybrid GT/MCFC System – Shell-and-Tube Heat Exchanger
3.2.1 Introduction
The shell-and-tube heat exchanger is one of the most versatile and used heat
exchangers in the industry as it is suitable for many applications. It is composed by a
bundle of tubes enclosed in a shell. The tubes are supported by baffles, which in addition
to provide mechanical stability to the tubes, they provide higher heat transfer coefficients,
but at the cost of pressure losses in the shell side fluid. However, this penalization is
more than compensated with the heat transfer rates that can be achieved.
There are different types of configurations, and the one being modeled is shown in
Fig. 3.4. In the power plant being modeled, the oxidizer gas exhaust flows inside the
tubes while the air coming out of the compressor flows inside the shell and outside the
16

tubes in a cross-counterflow manner. The type of baffle arrangement used in the shelland-tube heat exchanger is seen in Fig. 3.4. This particular arrangement is known as
single segmental. Important parameters regarding baffle configuration for overall
performance are baffle spacing and baffle cut.

Fig. 3.4 - Single segmental shell and tube heat exchanger – [19]
A lumped volume approach is used to determine the dynamics of the heat
exchangers. Control volumes are applied in the shell and tube side with their respective
energy and mass balance. Both, the oxidizer exhaust gases and the air from turbine are
assumed to be thermally perfect gases.
The heat transfer coefficient and pressure losses in the shell are relatively
complex to calculate compared to the tube side. As can be seen in Fig. 3.5, the shell side
fluid would experience leakage through the baffles that would affect the heat transfer
coefficient and pressure loss. This is due to tube-to-baffle clearances. The Bell17

Delaware method [4] is used for the shell side and consists of correction factors being
applied to the ideal cross-flow heat transfer and pressure drop values.

Fig. 3.5 Leakage through baffles – [16]
The software CHEMCAD has the capability of designing STHX. Therefore, it
was used to size/design a heat exchanger that would meet certain temperature outlet
requirements for each flow given a certain set of inlet mass flows and temperatures.
Many configurations (i.e., number of tubes, shell and tube diameters, tube thickness,
baffle cut, baffle spacing, etc.), can provide the same desired outlet temperatures.
However, the most efficient design is the one that provides the least pressure losses while
providing the same heat transfer rate required.
3.2.2 General Equations
All properties are taken at average temperature between the inlet and outlet
stream. Shown below in Fig. 3.6 is a lumped control volume applied at the tube side,
shell side, and the metal of the tubes of a counter-flow heat exchanger.

18

E st
.

m t , out
T t , out

wall

E st

Fig. 3.6 Schematic of control volume applied to heat exchanger
Assumptions
(1) Thermally perfect gases
(2) Radiation heat transfer neglected
(3) Heat exchanger is isolated so no heat is lost to the surroundings
(4) Inlet and exit pressure losses are not included
Continuity
.

.

.

m in  m out  m

(3.32)

Energy Balance
From the 1st law of thermodynamics, we have that energy can’t be created or
destroyed. It’s conserved.
.

.

.

E in  E out  E stored

(3.33)

For thermally perfect gases, we have

19

.

E stored 

dU

 mC

dt

dT
v

(3.34)

dt

Energy Balance: Tube Side Flow
Applying an energy balance to the tube side and noting that no work is being
done, and neglecting kinetic and potential energies of the streams coming in and out, we
obtain the following:
m t C v,t

dT t , out

.

.

 m t C p , (T t , in  T t , out )  Q 1
t

dt

mt  t t

(3.35)
(3.36)

From Newton’s law of cooling we have
.

Q 1  Ai h i (T w  T ave , t )

(3.37)

where h i is the heat transfer coefficient inside the tubes and Ai is the inner surface area of
the tubes and is defined as
Ai  N t  D i L

(3.38)

where N t is the number of tubes, D i the inner diameter of the tubes and L the length.
Also,
T ave , t 

T t , out  T t , in
2

(3.39)

Energy Balance: Shell Side Flow
Applying an energy balance to the shell side and noting that no work is being
done, and neglecting kinetic and potential energies of the streams coming in and out, we
obtain the following:
20

m s C v, s

dT s , out

.

.

 m s C p , (T s , in  T s , out )  Q 2
s

dt

(3.40)

where
m s   s s

(3.41)

and
.

Q 2  A o h o (T w  T ave , s )

(3.42)

where h o is the shell heat transfer coefficient and Ao is the outer surface area of the tubes
defined as
Ao  N t  D o L

(3.43)

where D o is the outer diameter of the tubes and
T ave , s 

T s , out  T s , in
2

(3.44)

Wall (tubes)
Finally, applying an energy balance to the tubes
m w Cp

dT w
w

dt

.

.

  Q1  Q 2

(3.45)

m w   w w

(3.46)

Energy Balance: General
Putting all equations together we end up with a set of three equations with three
21

unknowns ( T t , out , T s , out , and T w ) since the inlet temperatures are known. The following
equations are solved simultaneously taking all properties at average temperatures for the
two streams.
 t  t C v ,t

dT t , out
dt
dT s , out

 s  s C v ,s

dt

 w  w C p ,w

dT w
dt

.

 m C p , t (T t , in  T t , out )  A i h i (T w  T ave , t )

(3.47)

.

 m C p , s (T s , in  T s , out )  A o h o (T w  T ave , s )

  A i h i (T w  T ave , t )  A o h o (T w  T ave , s )

(3.48)

(3.49)

3.2.3 STHX - Shell Side flow
STHX - Shell Side Flow- Heat Transfer Coefficient
The shell side heat transfer coefficient, h o , is obtained using the Bell-Delaware
method [4] where correction factors are applied to the ideal cross-flow heat transfer h c
and is expressed as
ho  hc J C J L J B

(3.50)

where
J C = the correction for baffle configuration
J L = the correction factor for leakage, and
J B = the correction for bypass in the bundle-shell gap.

The equation to obtain the Nusselt number and ultimately the heat transfer
coefficient, h c , in ideal cross flow is given by
Nu 

hc D o
k

 a Re

m

Pr

0 . 34

(3.51)

F1 F 2
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where
a and m=correlation constants
F1 =correction factor for surface-to-bulk physical properties variation
F 2  correction factor for the effect of number of tube rows in the array

Pr= Prandtl number
k= thermal conductivity
D o = external tube diameter

Re= Reynolds number defined as
Re 

 V max D o

 Pr 

F1  
 Pr 
 w 



(3.52)

0 . 26

(3.53)

where Pr w is the Prandtl number taken at the wall temperature.
F 2  1 . 0 when the number of tube rows ( N c ) is 10 or greater.

The correlation constants depend on the geometries of the cross-flow tube banks.
These geometries can be classified as in-line (square 90°) or staggered arrays (triangular)
and are shown below.

In-Line Banks

Staggered Banks
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The table shown is used to obtain the proper correlation constants for the type of
tube banks and Reynolds number range.

Range of

In-line banks

Staggered banks

Reynolds

a

m

A

m

10-300

0.742

0.431

1.309

0.36

300-200000

0.211

0.651

0.273

0.635

0.116

0.700

0.124

0.700

2000002E6

Table 3.1 – Correlation constants for staggered and in-line tube banks – [4]
To calculate the Reynolds number, V max is defined as the maximum velocity
between the tubes near the centerline and is given by
.

V max 

m

(3.54)

S m

where S m is the flow area near the centerline, and is defined for square tube arrays as


D
 Do
S m  L B  D s  D OTL  OTL
( PT  D o ) 
PT



where
L B = Baffle spacing

D s =Shell Diameter
D OTL = The tube bundle diameter
PT = the tube pitch

D OTL is obtained using the following expression
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(3.55)

D OTL  D s   b

where  b is the bundle-to-shell diametral clearance.
The Reynolds number can then be expressed as
.

Re 

m Do

(3.56)

Sm

The next step is to calculate the correction factors for the ideal heat transfer
coefficient.
For the correction for baffle configuration, J C, we first calculate the fraction of
tubes ( F C ) in cross flow. This expression is given by
Fc 


2D S  2 Lc 
1 
sin  cos
 
 
D OTL


1

D S  2 Lc 
  2 cos

D OTL


1

D S  2 Lc 

D OTL


(3.57)

where L c is the baffle cut and represents the distance from the inside surface of the shell
to the top of the baffle, and is expressed as
Lc 

Bc D s

(3.58)

100

where B c is the percentage baffle cut.
Finally, a linear relationship to obtain the correction for baffle configuration, J C,
as a function of F C is given by
J c  0 . 55  0 . 72 F c for 15< B c <45.
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(3.59)

The correction factor for leakage J L is a function of the shell-to-baffle and tubeto-baffle leakage areas, S sb and S tb respectively. They are calculated using the following
expressions.

S sb  D s  sb   cos


1


2 LC
1 

Ds







S tb   D o  tb N T 1  F c  / 2

(3.60)

(3.61)

where  sb and  tb are the radial clearance between baffle and shell and the tube and baffle,
respectively. Also, N T denotes the number of tubes.
J L is a function of

S sb  S tb
Sm

and

S sb
S sb  S tb

.

Fig. 3.7 Leakage heat transfer coefficient correction factor, JL – [4]
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Ultimately, the correction for bypass in the bundle shell gap J B is related to the
fraction of the cross flow area available for bypass flow and is given by
F bp 

D s

 D OTL  L B

(3.62)

Sm

J B is also a function of the ratio of number of pairs of sealing strips ( N ss ) to the number

of cross rows N c . The latter can be calculated from
Nc 

D s 1  2 L c / D s 

(3.63)

PTP

where PTP  PT for square tube arrays
An important note about sealing strips is that they are used to prevent excessive
bypassing around or through the tube bundle.
Finally J B is calculated from the chart given below as a function of Fbp and N ss / N c .
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Fig. 3.8 Bundle-to-shell gap heat transfer coefficient correction factor, JB – [4]
Now we have all coefficients to obtain the shell side heat transfer coefficient
h o  h c J C J L J B . Notice that the correction factors J C , J L , and J B are only dependant on

the geometry of the shell-and-tube heat exchanger and do not depend on the streams that
are entering the heat exchanger.
STHX - Shell Side Flow- Pressure Drop
The pressure drop calculation using the Bell-Delaware method is similar to that of
the heat transfer coefficient calculation. That is, correction values are applied to the
pressure drop for ideal cross flow.
The pressure drop for ideal cross flow without including inlet factors is given by
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1

2
 Pc  N c K f   V max 
2


(3.64)

where V max is the same from Eqn. 3.54, and N c is the same from Eqn. 3.63. Here K f is a
parameter and is a function of Re based on V max , and the geometrical layout of the tube
array. For in-line square arrays and a pitch-to-diameter ratio ( PT / D o ) of 1.25 (a typical
value applied in shell-and-tube heat exchangers also used in this simulation) K f is given
by
K

f

K

 0 . 272 

0 . 207  10

3



0 . 102  10

Re

f

 0 . 267 

Re

0 . 249  10
Re

4





2

Re

0 . 927  10
Re

0 . 286  10

3

3

0 . 286  10

7



2

3

Re

for 3  Re  2  10 3

(3.65)

11

3

for 2  10 3  Re  2  10 6

Bell gives the pressure drop for ideal window zone as
.

.

 Pw 

26 m 



SmSw

2
 N cw 
m



 PT  D o  S m S w 

for Re ≤100

and
.

 Pw 

 2  0 . 6 N cw  m
2S m S w 

for Re >100

(3.66)

where N cw and S w are the number of effective cross flow rows in the window and the
window flow area respectively. They are defined as

N cw 

0 .8 L c

(3.67)

PTP
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4 

2

Sw

Ds

1

 D s  2 L c   D s  2 Lc 


 1
Ds
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2 
 D s  2 Lc 
N
  T 1  F  D 2
c
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Ds
8

 


(3.68)

The pressure drop in the shell can then be computed using the following
expression.
 Ps 

 N


N
 1 Pc R B  N  Pw R L  2  Pc R B  1  cw
Nc







(3.69)

where N is the number of baffles and R B and R L are correction factors and are obtained
using the following charts. It is important to note that this pressure drop calculation
doesn’t include inlet and exit pressure drops.

Fig. 3.9 – Bundle-to-shell gap pressure drop correction factor, RB – [4]
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Fig. 3.10 – Leakage pressure drop correction factor, RL – [4]

3.2.4 STHX - Tube Side flow
In internal flows, an important parameter called the Moody friction factor is used
to determine the pressure drop. It’s a function of Reynold’s number and pipe roughness
and is obtained using the Moody diagram shown in Fig. 3.11. There are many equations
to determine the friction factor based on the diagram, and the one used for this simulation
is Serghide’s explicit equation [12], which can be used throughout the entire Moody
diagram for Re>3000.
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A   2 log

10

B   2 log

10

C   2 log

10

12 
 e / Di
 3 . 7  Re 


2 . 51 A 
 e / Di
 3 . 7  Re 


2 . 51 B 
 e / Di
 3 . 7  Re 



 A  ( B  A) 2
f  
 C  2B  A






(3.70)

2

where the Reynolds number is defined as:
Re 

um

u m Di

(3.71)



= mean velocity

e=Internal roughness of tubes (a value of .0001 was used in the simulation)
D i = Inner diameter of tubes

The total flow inner cross-sectional area, A ci , is defined as
N t D i

2

A ci 

(3.72)

4

.

Since u m 

m

 A ci

, the Reynolds number can be rewritten as
.

Re 

m Di

(3.73)

A ci 
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Fig. 3.11 – Moody Diagram – [10]

STHX - Tube Side flow - Heat transfer coefficient
Turbulent Flow
Since entry lengths for turbulent flows are typically short, 10< (L/D) <60, it is
often reasonable to assume that the average Nusselt number for the entire tube is equal to
the value associated with the fully developed region. Gnielinski [9] proposes the
following equation for Nu and is valid for the limits shown with it.
Nu

turb



(Re  1000 )( f / 8 ) Pr
1  12 . 7 ( f / 8 )

1/ 2

(Pr

0 . 5  Pr  2000
3000  Re  5  10
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6

2/3

 1)

(3.74)

Here, Pr is the Prandtl number defined as
Pr 

C p

where all properties are taken at average temperatures.

k

Finally, once Nu turb is calculated then the inner heat transfer coefficient, h i , can
be calculated from the definition of the Nusselt number
Nu

turb



hi D i

(3.75)

kt

where
k t = thermal conductivity of the fluid inside the tubes

Laminar Flow

Since the temperature at the wall varies along the tubes, the constant wall heat
flux for the combined entry length equation is used

0 . 086 (Re Pr
Nu

lam

 4 . 364 
1  0 . 1 Pr(Re

Di
L
Di

)

1 . 33

)

0 . 83

(3.76)

L

which is valid over the range 0.7 < Pr < 7.

The Moody friction factor reduces to f 
definition of the Nusselt number.
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64
Re

and h i is calculated using the

STHX - Tube side flow - Pressure Drop
Entry and exit pressure losses are not included, so the pressure drop is calculated
using the definition of friction factor [23]
 ( dp / dx ) D

f 

(3.77)

u m / 2
2

Since ( dp / dx ) is constant in the fully developed region, the pressure drop  p  p 1  p 2
can be expressed as
p2

2

 p    dp  f
p1

u m
2D

x2

u m
2

 dx  f
x1

2D

( x 2  x1 )

L u m
2

p  f

Di

(3.78)

2

where L  ( x 2  x 1 ) and is the total length of the tubes.
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3.3 Molten Carbonate fuel cell

Compressor

Turbine

Fig. 2.1.C Hybrid GT/MCFC System – Molten Carbonate Fuel Cell

Fuel cells only need hydrogen as fuel to operate. However, pure hydrogen is very
difficult to store and handle with our current infrastructure because it has to be
maintained at a very high pressure and very low temperatures. Therefore, substances rich
in hydrogen such as propane, methanol, ethanol, etc. can be used instead if the hydrogen
molecules somehow are extracted from an outside mechanism and then fed to the fuel
cell stack. This mechanism is known as a reformer. Due to its high operating
temperatures (600-700 C), MCFCs have the advantage for internal reforming. That is,
there is no need for an outside reformer and the hydrogen molecules are separated within
the fuel cell [15]. Its electrolyte is typically a molten carbonate salt mixture suspended in
a ceramic matrix, sandwiched between an anode and a cathode. The anodes are Ni based.
Ni-Al and Ni-Cr have been used before since plain Ni is not stable enough due to the
elevated temperatures [18]. The cathodes are usually made of NiO since they are active
enough for oxygen reduction.
36

The disadvantages of MCFC are that this same high operating temperatures places
severe demands on the corrosion stability and life cell of the components, especially in
the environment of the molten carbonate electrolyte [17].

Fig. 3.12 Molten Carbonate Fuel Cell – [6]

As shown in Fig. 3.12, hydrogen is supplied at the anode (after being reformed
from the natural gas). Oxygen, carbon dioxide (these from the oxidizer), and hydrogen
electrons from the external circuit are being supplied at the cathode. These electrons
react at the cathode with the oxygen and carbon dioxide to form positive charged oxygen
ions and negatively charged carbonate ions. These carbonate ions will move through the
electrolyte to the anode and react with the positively charged hydrogen ions to form water
and carbon dioxide.

The reaction taking place at the anode is:
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H 2  CO

2
3

 H 2 O  CO

2

 2e



while the reaction taking place at the cathode is:
1
2

O 2  CO

2

 2e



 CO

2
3

The model was developed assuming that stored energy is only in the large metal
mass, gas mixtures are ideal, and exit stream temperatures are equal to the solid stack
temperature. This is because time constants for the fuel cell stacks are quite large
compared to the gas mixtures. As mentioned before, this project is in conjunction with
Purdue University, so for a comprehensive and thorough model of the fuel cell the reader
is encouraged to see reference 5.
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3.4 Heat Recovery Unit (HRU)

Compressor

Turbine

Fig. 2.1.D Hybrid GT/MCFC System – Heat Recovery Unit

The HRU main components are a series of heat exchangers as shown in Fig. 3.13

Fig. 3.13 - Schematic of Heat Recovery Unit
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Legend

The heat exchangers consist of a fuel superheater (HX1), a water vapor or steam
heater (HX2), a natural gas heater (HX3), and a waste heat boiler (not shown). The
purpose of these heat exchangers is to prepare the fuel mixture using the cathode exhaust
gas in a series of heat exchangers. The hydrodesulfurizer removes sulfur impurities from
the natural gas. It has negligible effect on the temperature and gas composition since
these impurities are found in amounts of parts per million [6]. This desulfurization
process occurs at 370ºC. Similarly, the fuel pre-converter removes higher impurities
such as propane and ethane and only a pressure drop is modeled. This implies that the
natural gas provided at the natural gas heater (HX3) for the simulation doesn’t contain
any impurities and is made up of a mixture of mostly methane as well as hydrogen,
carbon dioxide and carbon monoxide.

3.4.1 Heat Exchangers
In contrast to the shell-and-tube heat exchanger (STHX) used to heat up the
compressed air with the exhaust gas from the oxidizer, these STHXs don’t have any
baffles. Therefore, the flows are in pure countercurrent flow in all of them. Hence, a
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different and much simpler approach is used to calculate the heat transfer coefficient and
pressure losses in the shell side, but the same approaches shown in section 3.2.4 are used
for the tube side. Also, to differentiate these heat exchangers to the one used for the
compressed air, they would be denoted as multi-tube heat exchangers (MTHXs).
As done with the previous STHX for compressed air and oxidizer gas,
CHEMCAD was used to size/design the MTHXs. The analysis of these MTHXs is also
performed using the lumped capacitance method, which implies that the radial
temperature of the tubes is constant. For this to be valid Bi  0 . 1 , which occurs for this
case. Bi is the Biot number and is defined as Bi 

hL c
k

, where L c is the characteristic

length defined as the ratio of the solids volume to surface area L c  V / A s . What this
means is that the resistance to conduction within the solid in the radial direction is much
less than the resistance to convection across the fluid boundary layer. However, the same
cannot be said about the way the temperature of the tubes acts axially. To account for the
change in temperature in the longitudinal direction, the heat exchanger is divided into
sections. So for example, a heat exchanger with tubes of 3 meters in length can be
divided into 3 sections of 1 meter per section and can be linked up depending on the type
of flow (counter-current or co-current). The number of sections depends on the type of
accuracy that one wish to obtain and the computational time willing to sacrifice for it.
Show in Fig. 3.14 is the tube side outlet temperature response between dividing
one of the countercurrent heat exchangers used in the HRU between 2 and 3 sections for
a fuel mixture entering at ambient conditions in the tube side and using the MCFC
cathode exhaust gas residue in the shell side. The inlet streams information as well as the
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heat exchanger dimensions are given below.
Stream Name
MCFC
Temp K
Pres kPa
Molar Flow Rate (mol/s)

IN(shell)
Gas Residue
952
105
391.5

IN(tubes)
Fuel Mixture
298
105
20

Percentage Composition of MCFC Gas Residue
Carbon Dioxide (CO2) = 5.67%
Water Vapor (H 2O)= 22.41%
Nitrogen (N 2) = 65.61%
Oxygen (O2)= 6.31%

Percentage Composition of Fuel Mixture
Hydrogen(H 2) = 11.68%
Methane (CH 4) = 27.98%
Carbon Monoxide (CO) = 0.05%
Carbon Dioxide (CO 2) = 3.46%
Water Vapor (H2O)= 56.83
Nitrogen (N 2) = 0.0%
Oxygen (O2)= 0.0%

Heat Exchanger General Data:
Shell I.D.
1.67 m
Shell in Series/Parallel
1/1
Number of Tubes
3783
Tube Length
0.7 m
Tube O.D./I.D.
0.0191/0.0157 m
Tube Pattern

SQUARE(90°)
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Multitube Heat Exchanger Axial Discretization
700

600

Outlet Tubes Temperatures (deg C)

500

400

2 Sections
3 Sections

300

200

100

0
0

200

400

600

800

1000

1200

Time (secs)

Fig. 3.14 – Multi-tube heat exchanger axial discretization temperature response
The transient temperature response is nearly identical between dividing the
sections by 2 or 3 sections. At steady state, the temperature difference is only by ~ 2 deg
C.
For this reason, all MTHXs were divided by 2 sections for this simulation.
Shown below are the two possible configurations that the sections can be connected.
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Counter-flow

Co-flow

Fig. 3.15. Schematic Co-flow and counter-flow heat exchangers
Even though this same principle applies to the STHX, the STHX wasn’t divided
into sections because it contains baffles, so the flow is not in pure countercurrent flow,
but rather counter-cross flow. Therefore, the STHX is left as one section only. Despite
this, the results obtained compare very well to other data as shown in section 4. MODEL
VALIDATION.

HRU - Heat Exchangers - Shell Side Flow
HRU - Heat Exchanger - Shell Side Flow - Heat Transfer Coefficient
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For the flow in the shell side, the same equations and procedure described in
STHX Tube side flow (see page 29) is used for both turbulent and laminar flow. But the
Nu, Re, and f equations are now obtained using

D hy

known as the hydraulic diameter,

which is defined as
Ac

D hy  4

(3.79)

P

where
A c = Cross-sectional area

P = wetted perimeter
For the case of shell side flow, this can be written as
A c  A co 


4

(Ds  N t Do )
2

2

(3.80)

P   ( Ds  N t Do )

(3.81)

Also the mean velocity, u m , used to calculate Re now becomes
.

um 

m

(3.82)

 A co

HRU - Heat Exchanger - Shell Side Flow - Pressure Drop
The pressure drop calculation is given by
p  f

L

u m

D hy

2

2

As done in the previous section, f is obtained using
using Aco .
45

D hy

while u m is obtained

3.4.2 HRU - Mixing chamber
The mixing chamber is modeled applying an energy and mass balance assuming
that no energy is lost to the surroundings.

Fig. 3.16 Schematic control volume mixing chamber
The mixing chamber is assumed to be well mixed, so the temperature and
composition of the mixture inside the chamber is the same as the one coming out of it.
Also, all streams in each mixing chamber are treated as thermally perfect gases.
Continuity
.

.

M 1 M

 M

2

.

(3.83)

out

Energy
E in  E out  E st
.

.

.

.

M 1 h1  M 2 h 2  ( M 1  M 2 ) h out    mc C v

dT out
dt

(3.84)

.

M is the total molar flow rate (mol/s) in each stream and h denotes the molar enthalpy

(J/mol) in this case, not the heat transfer coefficient as denoted before. Molar enthalpy is
found using the following expression
h

X

i

(3.85)

hi

i
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where X i is the molar fraction of each species in a stream.
Also,  mc is known and represents the volume of the mixing chamber. Finally ρ is
obtained using the ideal gas equation.
 

P

(3.86)

RT out
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3.5 Control
Before we get into specific controls, it is important to mention that all controllers
used are single loop and PI-type (proportional and integral gains). See Appendix A for
more details.
3.5.1 Flow Control
Referring to Fig. 3.13 in section 3.4, we see a series of valves that control the flow
and temperature at different locations. The flow valves control the amount of natural gas
and steam delivered to the system for a given power load. Two important control
objectives are:
1. To maintain the fuel utilization of the fuel cell at 75%
2. To maintain the steam-to-carbon ratio entering the fuel cell at 2.0
The first objective is a compromise of high voltage versus efficient use of the
hydrogen delivered. The second is to prevent carbon formation within the fuel cell
stacks. Set-points for mass flow rates of natural gas and steam can be derived to
accomplish the aforementioned objectives.
w natgas 
set

w steam 
set

(M

CH 4

2M

H 2O

M

 2M

KM

CH 4

M

H 2O

)( x pr , H 2  4 x pr , CH

pr

I sys / F
4

(3.87)

 x pr , CO )

meas

(3.88)

w natgas

CH 4

where K is a constant, M i and
each species respectively , M

pr

x pr , i

are the molecular weights and the mole fractions of

is the average molecular weight,

meas
current, and w natgas
is a measured flow rate of natural gas [6].
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I sys

is the system

3.5.2 Fuel Temperature Control
Again, referring to Fig. 3.13 fuel temperature control is accomplished by using
two bypass valves. One bypass valve bypasses natural gas from the natural gas heater
(HX3) to a mixing chamber to maintain the temperature of the natural gas at about 370ºC.
This temperature is required so desulfurization can occur in the hydrodesulfurizer. After
the desulfurizer, the natural gas is mixed with the heated steam coming from the steam
heater (HX2) and is directed to the fuel preconverter. Then, this mixture is directed to a
second bypass valve which will control the temperature of this fuel mixture before it
enters the fuel cell. Some fuel will bypass the fuel superheater (HX1) to a mixing
chamber where it is mixed with fuel mixture going into HX1. The set temperature of the
fuel will depend on the power load and ambient conditions. More directly, it depends on
the temperature and flow rate of the gas entering the cathode to be able to keep the fuel
cell (stack) temperature constant.
The cathode exhaust gas leaves the fuel cell at about 676°C (949 K), same as
stack temperature, and since this same gas is used to heat up the fuel mixture, then the
fuel mixture could only be heated up to a certain temperature less than 676°C and can
never be greater than that. However, when the gas entering the cathode is very hot (hot
ambient temperatures), the fuel mixture entering the anode needs to cool down to
effectively maintain a constant stack temperature. In conclusion, the fuel mixture almost
always goes directly to HX1 without bypassing. Only when the temperature of the gas
entering the cathode side increases too much, some of the fuel mixture bypasses HX1 to
effectively maintain the fuel cell stack temperature constant.

49

3.5.3 Stack temperature
Stack temperature needs to be maintained at 676°C to avoid carbon formation
within the fuel cell. Fuel mixture temperature helps to control stack temperature.
However, the main control is a flow valve which will restrict the amount of air coming
from the turbine going into the oxidizer. Due to slow dynamics of stack temperature,
feedback alone is not sufficient to maintain a tight control. Therefore, feedforward
control is additionally applied using a chart of steady state electrical power versus steady
state air flow. This predetermines the amount of air flow rate needed for a given power
load. Feedback control is then used to adjust this air flow rate set-point to obtain the
desired stack temperature.
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4. MODEL VALIDATION
The overall system cannot be validated operating as a whole because there is no
experimental data for this particular simulation to compare. However, each component in
the power plant can be isolated and validated for the type of applications that they would
be used for in this simulation.
The gas turbine engine and the molten carbonate fuel cell models were developed by
Scientific Monitoring Inc and Purdue University respectively. The oxidizer model was
also developed by Purdue University. Therefore, the validation of the turbine engine can
be encountered in ref. 3, and the validation for the molten carbonate fuel cell and the
oxidizer can be encountered in ref. 7. In addition to the mixing chamber model used in
HRU, what is left to validate from the system are the heat exchangers used to heat up the
fuel, as well as the heat exchanger used to heat up the compressed air. Hence, in this
section only the mixing chamber and the heat exchangers models will be discussed.
Two types of validation are necessary to assure that the results obtained are accurate.
These are steady and unsteady state. The unsteady state behavior of the heat exchanger is
only shown in this section, but cannot be validated since there is no experimental data.
However, when the heat exchanger reaches steady state, the outlet temperatures and
pressures of both streams are compared using the software CHEMCAD.
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4.1. Shell and tube heat exchanger
Steady state values of the STHX from the model are compared with steady state
values given by CHEMCAD in rating mode for heat exchangers when the inlet streams
are given at the tube side and the shell side. Outlet temperatures and pressure losses of
each stream are the values to be compared.
The composition, pressures and temperatures of the initial streams are the actual
values when the hybrid system reaches steady state at design point. As a reminder, the
air stream comes from the compressor while the gas stream comes from the oxidizer.
For this validation, the heat exchanger starts at steady state and when it reaches
1000 seconds, the molar flow rate of the gas mixture is stepped down from 407.1 mol/s to
200 mol/s. The heat exchanger reaches steady state again, and at 6000 seconds the air
flow rate is stepped down from 483.9 mol/s to 200 mol/s where the system would reach a
third steady state. The inlet temperatures and pressures of both the tube and shell side
streams are held constant and are shown below along with the heat exchanger
information. Also, the percentages of the species in the gas mixtures are held constant.
Only the flow rates are varied, which are shown in Fig. 4.1 and Fig. 4.2.
Stream Name
Temp K
Pres kPa

IN(shell)
Air
607.1500
1000.0000

IN(tubes)
Gas
1212.1501
104.2000

Percentage Composition of Gas Mixture
Carbon Dioxide = 18.10%
Water Vapor = 18.13%
Nitrogen = 52.15%
Oxygen = 11.61%
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Heat Exchanger General Data:
Shell I.D.
2.74 m
Shell in Series/Parallel
1/1
Number of Tubes
10216
Tube Length
2.74 m
Tube O.D./I.D.
0.0191/0.0157 m
Tube Pattern
Tube Pitch
Number of Tube Passes
Number of Baffles
Baffle Spacing
Baffle Cut %
Baffle Type

SQUARE(90°)
0.02 m
1
3
0.57 m
23
SSEG

Fig. 4.1 Molar flow rates of gas mixture going into tube side of STHX
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Fig. 4.2 Air molar flow rate going into shell side of STHX

Fig. 4.3 Outlet temperature of gas mixture
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Fig. 4.4 Outlet temperature of air

Fig. 4.5 Pressure loss of gas flowing in tube side
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Fig. 4.6 Pressure loss of air flowing in shell side

Figures 4.3, 4.4, 4.5 and 4.6 show the outlet temperatures and pressure loss
transient responses of both streams after being subjected to the sudden flow rate changes
shown in Fig. 4.1 and Fig. 4.2. As mentioned before, the heat exchanger starts at steady
state. Then, the flow rate of the gas mixture is changed at 1000 secs and the heat
exchanger reaches a 2nd steady state. Finally, the flow rate of the air is changed at 6000
secs and the heat exchanger reaches a 3rd steady state. Shown below are the comparisons
of these 3 steady states values with CHEMCAD.
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1st STEADY STATE COMPARISON
TUBE
SIDE
(Gas)
SHELL
SIDE (Air)

Tout (K)
Pout
(kPa)
Tout (K)
Pout
(kPa)

ChemCAD Simulation
857.70
825.70

% Difference
3.73

103.47
1114.00

103.57
1153.00

-0.10
-3.50

978.42

985.58

-0.73

ChemCAD Simulation
Tube Side
Shell Side

Pdrop
(kPa)
Pdrop
(kPa)

%
Difference

0.73

0.63

13.70

21.58

14.42

33.18

2nd STEADY STATE COMPARISON
TUBE
SIDE
(Gas)
SHELL
SIDE (Air)

Tube Side
Shell

Tout (K)

%
ChemCAD Simulation Difference
655.1027
652.1
0.46

Pout (kPa)
Tout (K)
Pout (kPa)
Pdrop
(kPa)
Pdrop
(kPa)

104.07
934.56
980.65

104.08
934.6
987.56

-0.01
0.00
-0.70

0.13

0.12

4.91

19.35

12.44

35.70

3rd STEADY STATE COMPARISON
TUBE
SIDE
(Gas)
SHELL
SIDE (Air)

Tube Side
Shell

Tout (K)
Pout (kPa)
Tout (K)
Pout (kPa)

%
ChemCAD Simulation Difference
761.02
774.5
-1.77
104.06
1143.00
993.90

104.07
1125
996.25

-0.01
1.57
-0.24

0.14

0.13

4.10

6.11

3.76

38.49

Pdrop
(kPa)
Pdrop
(kPa)
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As can be seen, the values from ChemCAD and the presented STHX model give
similar results that have less than a 4% difference.
The percentage difference among the pressure drops is higher because ChemCAD
includes inlet and exit nozzle pressure losses. However, this does not cause a significant
impact on the overall simulation as the inlet stream pressures are relatively large
compared to these pressure losses. This again can be seen from the tables which compare
the percentage difference of the outlet pressures of both streams.
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4.2 Mixing Chamber
Steady state values for the mixing chamber model are also validated by
comparing results using the mixer in ChemCAD. These include outlet stream
composition, and outlet temperatures. However, due to the simplicity of the model, only
one run is performed and not several as it was done with the shell and tube heat
exchanger.
Inlet Streams
Stream Name
Temp K

H2O
755.8

Flowrates in gmol/sec
Hydrogen
Methane
Carbon Monoxide
Carbon Dioxide
Water
Total gmol/sec

Natural Gas
643

0.0000
0.0000
0.0000
0.0000
40.0600
40.0600

8.2340
19.7200
0.0353
2.4390
0.0000
30.4300

Outlet Stream(Result)

Tout (K)
Flowrates in gmol/sec
Hydrogen
Methane
Carbon Monoxide
Carbon Dioxide
Water
Total gmol/sec

ChemCAD Simulation
699.89
700.2

% Difference
0.044

8.2340
19.7200
0.0353
2.4390
40.0600
70.4900

The outlet temperature results given by CHEMCAD and the mixing chamber are
essentially the same. The difference in percentage is only 0.044% or less than 0.5 K on a
temperature delta basis. This confirms that the enthalpies (See Eqn. B9 in Appendix B)
of these species are being calculated correctly as well as the energy equation of the
mixing chamber model (see Eqn. 3.84) is capturing the mixed outlet temperature.
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4.3 Simulation Run Parameters
The Simulink model of this hybrid gas turbine engine and molten carbonate fuel
cell power plant is run at a variable time step using ode23s solver. This solver uses a
modified Rosenbrock formula [13], which calculates 2nd and 3rd order accurate solutions
for solving stiff ordinary differential equations. The simulation is also run using
Simulink’s default relative tolerance of 1e-3.
The relative tolerance specifies the largest acceptable solver error, relative to the
size of each state during each time step. If the relative error exceeds this tolerance, the
solver reduces the time step size. The default value (1e-3) means that the computed state
is accurate to within 0.1%. [14].
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5. APPLICATION
The current density load (A/cm²) is the “driver” of the system. A change of
current load would directly affect the input fuel flow (water vapor and natural gas
mixture) into the fuel cell as described in section 3.5.1. This in turn would affect the
amount of power the fuel cell is able to produce. Also, since the gas turbine engine
depends on the shell and tube heat exchanger, a decrease in input fuel flow would
decrease the amount of heat being transferred to the compressed air, and the fuel cell and
gas turbine engine would produce less power. Therefore, power demand and current load
are directly associated. An increase in current load means an increase of power, and a
decrease in current load means a decrease in power. However, this current load has a
limit. The fuel cell would experience concentration losses if this limit is passed and the
performance of the fuel cell would greatly decline. The current load limit is then 0.16
A/cm². That means, the hybrid system is producing its maximum power when the current
load is 0.16 A/cm². Therefore, we can say that is operating at 100%.
In this section, we would see how different parameters interact with the change of
current load/power demand. The system is at steady state operating at a current load of
0.16 A/cm² (100%). The current load to the fuel cell is then stepped down from 0.16
A/cm² to 0.125 A/cm² at a rate of -15%/min. Then, after the system reaches steady state,
it is ramped up to 0.14 A/cm² at a rate of 15%/min, where it is also allowed to reach
steady state.
Shown in Fig. 5.1 is the current load profile applied to the plant. Fig. 5.2 shows
the ideal control of natural gas and water vapor flow rates to maintain the steam-tocarbon ratio at 2 and the fuel utilization at 75% as mentioned in section 3.5.1. Fig. 5.3
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illustrates the total power created by the plant, which starts at 12.31 MW for a current
load of 0.16 A/cm² decreases to 9.242 MW for 0.125 A/cm², and increases to 10.64 MW
with a current load of 0.14 A/cm². Fig. 5.4 and Fig. 5.5 show the power contributed by
the gas turbine engine and fuel cell respectively. Fig. 5.6 represents the percentage
power that the gas turbine engine is contributing to the overall system, which stays
around 32% for this current profile. Figures 5.7 and 5.8 illustrate the low heating value
(LHV) and high heating value (HHV) efficiencies for the entire plant. The LHV for
natural gas is 38.1 MJ/kg, while its HHV is 42.5 MJ/kg. Fig. 5.9 shows the fuel cell stack
temperature variation. The dynamics are slow due to large mass-specific heat product of
the fuel cell. However, the stack temperature of 676°C is tightly controlled due to the
combination of feedforward and feedback flow valve control. With feedback alone, as it
is used on the rest of the controllers, the stack temperature will oscillate abruptly and take
a longer time to reach the desired 676°C. Fig. 5.10 shows the airflow going through
turbine engine. It is closely associated with Fig. 5.11, which shows the turbine inlet
temperature (TIT). If the TIT is high, then the turbine will have more energy to drive the
compressor faster, and the faster the compressor rotates, more airflow would be sucked
and the turbine engine would be able to generate more power. This power variation can
be seen in Fig. 5.4. The TIT changes are directly associated with the heat transfer rate
changes in the shell and tube heat exchanger shown in Fig. 5.12 and Fig. 5.13.
The heat transfer rate inside the tubes to the walls of the tubes decreases with
decreasing current load, or more directly associated, with the gas flow. The negative sign
means that heat is going towards the walls and not towards the gas as depicted in the
analysis of section 3.2.2. (see Fig. 3.6). If the heat transfer rate from the gas to the wall
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tubes decreases, then the heat transfer rate from the wall tubes to the compressed air
would also decrease, as can be seen in Fig. 5.13, and ultimately the compressed air would
leave the STHX at a lower temperature towards the turbine.
Fig. 5.14 and Fig. 5.15 show the pressure ratio and outlet temperature of the
compressor, respectively. The ambient pressure is 14.7 psia, while the ambient
temperature used for this run is 60°F (15°C). Again, these two figures are closely related
to TIT variation.
Fig. 5.16 show the compressor surge margin. A compressor surge, typically,
causes an abrupt reversal of the airflow through the unit, as the pumping action of the
aerofoils stalls. Therefore, the surge margin is a measure of how close an operating point
is to surge. A zero or negative value would indicate that the compressor is at surge,
which is best if avoided since it can cause serious damage to the compressor.
Fig. 5.17 is related to the speed lines shown in the compressor map in Fig. 3.1.
As can be seen, the turbine engine is not operating at 100% speed even when the current
load is 0.16 A/cm², which is the maximum load that can be applied to the fuel cell. This
suggests that a bigger fuel cell is necessary to fully take advantage of the power
capabilities of this gas engine. Or a smaller turbine engine coupled with the current fuel
cell would also be acceptable. If the fuel cell is changed to a bigger one, then other
components such as the heat exchangers and controls would have to be
resized/redesigned, but the same principles exposed in this paper would still apply.
Fig. 5.18 shows the ratio of the temperature of the metal tubes to the temperature
of the gas flowing inside coming from the oxidizer. As can be seen, this ratio can be
approximated to 1, and the analysis presented in section 3.2.2 can be simplified by
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lumping the metal or wall tubes with the gas flowing inside the tubes in one control
volume, and assume that the temperature of the walls, is the same as the temperature of
the gas flowing inside. However, if more accurate results are desired, the presented
analysis can be used and the computational cost is not significant.
Fig. 5.19 shows the temperature of the natural gas going into the desulfurizer. As
mentioned before, desulfurization occurs at 370°C and a bypass valve controls this
temperature by bypassing some of the natural gas from HX3 to a mixing chamber before
it goes to the desulfurizer (see Fig. 3.12).
Finally, Fig. 5.20 shows the percentage of airflow coming from the turbine that
actually goes into the oxidizer. This is necessary to control the stack temperature and
keep it at 676°C as explained in section 3.5.3. The four most notorious fluctuations seen
in most graphs are due to the adjustment of this flow valve to maintain the fuel cell at its
optimum stack temperature. There are four fluctuations seen at about 7.3, 34.1, 36 and
37.5 hours of running and only affect the performance of the gas turbine engine. The
fluctuations however are not substantial and don’t seem to be of major concern to the
overall hybrid system.
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Fig. 5.1 Current load applied to plant

Fig. 5.2 Flows subjected to current load shown in Fig. 5.1
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Fig. 5.3 Total hybrid power in MW

Fig. 5.4 Gas Turbine Engine Power in kW
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Fig. 5.5 Fuel Cell Power in kW

Fig. 5.6 Percentage of power contributed by GT
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Fig. 5.7 LHV plant efficiency subjected to current load shown in Fig. 5.1

Fig. 5.8 HHV efficiency subjected to current load shown in Fig. 5.1
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Fig. 5.9 Fuel cell stack temperature

Fig. 5.10 Air flow going through turbine engine
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Fig. 5.11 Temperature of air entering turbine

Fig. 5.12 Heat transfer rate from hot gas inside tubes to the wall tubes
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Fig. 5.13 Heat transfer rate from wall tubes to compressed air

Fig. 5.14 Variation of compressor pressure ratio
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Fig. 5.15 Compressor outlet temperature

Fig. 5.16 Surge margin
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Fig. 5.17 Compressor corrected speed percentage

Fig. 5.18 Ratio of temperature of wall tubes and temperature of gas flowing inside tubes
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Fig. 5.19 Temperature of natural gas is kept at 370°C for desulfurization

Fig. 5.20 Percentage of air flow passing from turbine to oxidizer through flow valve
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6. CONCLUSIONS

The integration and development of several dynamic components relating a MW
size fuel cell/gas turbine hybrid power plant has been completed outlining the general
approach, assumptions and simplifications made on each component that was used in the
system. The power plant is composed by a compressor, turbine, heat exchangers, heat
recovery unit, oxidizer and a molten carbonate fuel cell working synergistically and able
to achieve high operating efficiencies. The project is a joint effort between Purdue
University and Wright State University where the oxidizer and fuel cell models are
developed by Purdue, and the rest of the components are developed by Wright State
University.
The gas turbine engine components consist of a compressor, turbine, shaft, and a
shell-and-tube heat exchanger.
The compressor and the turbine are modeled in a lumped fashion, meaning that a
multi-stage compressor or turbine is modeled as one component. The compressor and
turbine have static and dynamic sections. In the static section, flow, efficiencies and exit
temperature amongst other are calculated from their respective turbine and compressor
maps. In the dynamic section, the exhaust pressure is calculated based on volume
dynamics.
The shell-and-tube heat exchanger not only replaces the combustor in a
conventional turbine engine, but it plays an important role by being the bridge between
the turbine engine and the molten carbonate fuel cell. Heat transfer rates and pressure
losses are calculated based on the Bell-Delaware method on the shell side, and by
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standard internal flow methods on the tube side.
The heat recovery unit (HRU) is composed of a series of pure countercurrent heat
exchangers that operate using the exhaust gas of the MCFC cathode to prepare the watervapor/natural gas mixture by removing its impurities and raising its temperature suitable
for the MCFC anode. The heat transfer rates and pressure losses for the shell and tube
sides are calculated based on standard internal flow methods.
Controls were implemented to run the plant in an efficient manner. Unsteady
and steady state values have been shown at different streams for the current system. As
can be observed, the gas turbine engine has not reached design speed yet, so an
optimization of the overall system needs to be done, so that the turbine engine can
operate at higher speed yielding larger power generation and the overall system improves
its efficiency. This would require re-sizing the fuel cell to make it larger as well as the
heat exchangers. If the power generated by the fuel cell plant is to be maintained, then a
smaller gas turbine engine should be used that yields air flows at 100% design speed.
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APPENDIX A
PI CONTROLLERS
Feedback Control
A PI controller consists of a proportional gain ( K p ) and an integral gain ( K i )
applied to the difference of a desired output (set point) and the actual output. This
difference is also known as the error (e). As can be seen in Fig. A1, this error goes
through the controller where it is converted into a signal (u). The signal is now equal to
the proportional gain ( K p ) times the magnitude of the error plus the integral gain ( K i )
times the integral of the error (see Fig. A2) [21].
u  K p e  K i  edt

(A1)

The signal is directed to the plant, or system whose output needs to be controlled,
where a new output (Y) is computed. This output is fed back again, so a new error can be
calculated and the cycle is repeated until the desired output is obtained.
K

p

has the function of reducing the rise time and the steady state error. However, if only

a proportional gain is used, the steady state error will never be eliminated and the desired
output can’t be obtained. Therefore, the integral control ( K i ) is used to eliminate this
steady state error, but it may make the transient response worse.
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Fig. A1

Fig. A2
Feedforward-Feedback Control
Feedforward control differs from feedback control because it tries to suppress the
disturbances before they had a chance to perturb the system. This requires the capacity to
anticipate the effect of perturbations on the system's goal.
Imagine a car on a set speed on cruise control approaching a slope. If the cruise
control knew somehow that a slope is approaching, then the car would start accelerating
to compensate for the loss of velocity before it climbs the slope. However, using
feedforward control only is unreliable as it doesn’t take into account other factors, such
as the roughness of the road for example. If only feedback control was used, then the car
would experience a loss of velocity when entering the slope, before regaining the set
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speed. Usually, deviations from the desired output are not immediate. They vary slowly,
giving the controller the chance to intervene at an early stage when the deviation is still
small.
Returning to the topic of this paper and applying the above to the power plant
being modeled; since we want to keep a tight control in stack temperature, a combination
of the two controls is used called feedforward-feedback control (see Fig. A3).
Depending on the current load/power demand the hybrid plant is using, there
would be a predetermined amount of air flow going through the flow valve to the
oxidizer that would be close to the necessary amount of air flow to keep the stack
temperature at 676°C. The temperature error is then corrected using feedback by
adjusting the flow valve so that the right amount of air flow goes through from the
turbine to the oxidizer.

Fig. A3
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APPENDIX B
GAS PROPERTIES
Thermally perfect gases
A thermally perfect gas by definition is one where

C

p

and C v are functions of

temperature only.
C p  f (T )

(B1)

C v  f (T )

(B2)

Also, the specific internal energy u and specific enthalpy h are only a function of
temperature.
h  f (T )

(B3)

u  f (T )

(B4)

Furthermore, the ideal gas equation is applicable.
P   RT

(B5)

where R is the gas constant, P is the pressure, T is the temperature and  is the density.
Another important relationship that still holds for thermally perfect gases is that
C p  Cv  R

(B6)

Gas Constant for mixtures
R 





X iM

(B7)
i

i

where  is the universal gas constant which is the same for all gases and has a value of
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8314 J/(kg · mol K). Also, M i and X i are the molecular weight and mole fraction of
each species respectively [22].
Viscosity for mixtures
For a gas composed of several species, the mixture value of viscosity  is found
using the viscosity of each species  i . A wide used mixture rule for viscosity is Wilke’s
[10] rule and it is used throughout this simulation whenever there is a gas mixture.
Wilke’s rule states that
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(B7)

In Eqn. B7,  is the viscosity of the mixture,  i is the viscosity of each species,
M i is the molecular weight of species i, X i is the mole fraction of species i, and i and j

are dummy
Properties
Enthalpy and specific heat are obtained using the following equations [20].
C p  A  Bt  Ct

H



2

 H 298 .15  At 


 Dt

3

E



t

Bt
2

2



Ct

(B8)

2

3



Dt

3

4

Cp = heat capacity (J/mol*K)
H° = standard enthalpy (kJ/mol)
t = temperature (K) / 1000
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4



E
t

F H

(B9)

Note: C v is obtained using Eqn. B6, after

C

p

and R are computed.

Hydrogen ( H 2 )
Temperature
(K)
A
B
C
D
E
F
G
H

1000 –
298 - 1000
2500
2500 - 6000
33.066178
18.563083
43.41356
-11.363417
12.257357
-4.293079
11.432816
-2.859786
1.272428
-2.772874
0.268238
-0.096876
-0.158558
1.97799 -20.533862
-9.980797
-1.147438 -38.515158
172.707974 156.288133 162.081354
0
0
0

Methane ( CH 4 )
Temperature
(K)
A
B
C
D
E
F
G
H

298 - 1300
-0.703029
108.4773
-42.52157
5.862788
0.678565
-76.84376
158.7163
-74.8731

1300 –
6000
85.81217
11.26467
-2.114146
0.13819
-26.42221
-153.5327
224.4143
-74.8731

Carbon Monoxide ( CO )
Temperature
(K)
A
B
C
D
E
F
G
H

298 - 1300
25.56759
6.09613
4.054656
-2.671301
0.131021
-118.0089
227.3665
-110.5271

1300 –
6000
35.1507
1.300095
-0.205921
0.01355
-3.28278
-127.8375
231.712
-110.5271
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Carbon Dioxide ( CO 2 )
Temperature
(K)
A
B
C
D
E
F
G
H

298 - 1200
24.99735
55.18696
-33.69137
7.948387
-0.136638
-403.6075
228.2431
-393.5224

1200 –
6000
58.16639
2.720074
-0.492289
0.038844
-6.447293
-425.9186
263.6125
-393.5224

500 - 1700
30.092
6.832514
6.793435
-2.53448
0.082139
-250.881
223.3967
-241.8264

1700 –
6000
41.96426
8.622053
-1.49978
0.098119
-11.15764
-272.1797
219.7809
-241.8264

Steam ( H 2 O )
Temperature
(K)
A
B
C
D
E
F
G
H

Oxygen ( O 2 )
Temperature
(K)
A
B
C
D
E
F
G
H

298 - 6000
29.659
6.137261
-1.186521
0.09578
-0.219663
-9.861391
237.948
0
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Nitrogen ( N 2 )
Temperature
(K)
A
B
C
D
E
F
G
H

298 - 6000
26.092
8.218801
-1.976141
0.159274
0.044434
-7.98923
221.02
0
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