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ABSTRACT
COMPUTATIONAL SIMULATION OF THERMALFLUID PROCESSES IN A BAROMETRIC MIXING UNIT
By
Sayros Yadgar
Master of Science in Engineering,
Mechanical Engineering

California State University, Northridge has installed a 1 MW Direct Fuel Cell® (DFC)
power plant and the plant has been in operation since January 2007. A Heat Recovery
Unit (HRU) has been designed and installed to extract the thermal energy contained in
hot exhaust gases to heat up campus heating hot water and domestic hot water loops and
as well as to warm up an existing campus swimming pool. In order to combine the
exhaust gases and pass them through the HRU a Barometric Thermal Trap (BaTT) was
designed and installed. An inline fan is installed downstream of the BaTT unit. The
bottom of the BaTT is open to atmosphere and therefore ensures that pressure remains at
nearly atmospheric and does not affect the operation of fuel cell units at any time.
In order to determine the characteristic factors affecting the flow into and out of the
BaTT and finding optimized flow conditions, a model of the BaTT was created using
software suite, FLUENT®. The analysis of turbulence is based on the standard k-ε
turbulent model. The results matched field measured data and showed that under slight
negative atmospheric pressure -20 Pa at the top outlet of the BaTT there will be no
outflow from the bottom opening. The most desirable condition for maximum heat
recovery appears to be at a pressure of -40 Pa at the top outlet. Under these conditions,
the net outdoor air flux into the BaTT is about 700 SCFM from the bottom outlet.
Results show that heat conduction from walls of the BaTT is about 1 to 2% of total heat
flux which can be improved by adding insulation. Results also showed that temperature
varies from 350K to 650K within the BaTT at about -40 Pa at the top outlet pressure but
it is constant at about 650K for pressures above -20 Pa at the top outlet. Pressure profiles
showed a linear variation with height from zero gauge pressure at bottom to the selected
pressure specified at the top outlet.

vi

1

Introduction

It is predicted that the cooling demand for California State University, Northridge
(CSUN) will increase from 3690 tons in 2003 to 6190 tons by year 2035. To meet the
increased demand for power and cooling capacity, CSUN installed a 1 MW Direct Fuel
Cell® (DFC) power plant and a satellite chiller plant (SCP) with 1800 ton capacity in
2007 [1].
The fuel cell plant consists of four 250 kW DFC300MA™ fuel cell units manufactured
by Fuel Cell Energy, Inc. (FCE). These units use molten carbonate fuel cell (MCFC)
technology, and are referred to commercially as Direct Fuel Cells (DFC®) due to their
ability to use natural gas and a number of other fuels. These plants are based on a
modular design, consisting of three major components: fuel cell stack, electrical balance
of plant (EBOP), and mechanical balance of plant (MBOP). CSUN’s plant has four of
each of these modules, which then produces 1 MW of electrical power. The electrical
efficiency of the plant, based on the lower heating value of the fuel, has a nominal value
of 47%. This efficiency does degrade over the 3 to 5 year lifetime of the fuel cell stack, at
a rate of approximately 3.4% per year. Future upgrades have been installed as part of the
fuel cell “re-stacking” maintenance process, which raises the output to 1.2 MW [1]. The
fuel (natural gas) is “reformed” in the presence of a nickel catalyst. This process takes
place through two complementary chemical reactions:
Reforming Reaction
CH4 + H2O → 3H2 + CO
CH4 + 2H2O→ 4H2 + CO2
Shift Reaction
CO + H2O → H2 + CO2

}

Subsequent to the reforming process, the CO2 produced is added to O2 (from outside air)
and sent to the cathode of each fuel cell, while the H2 is sent to the anode. The output of
the DFC units is shown by molar fractions in Table 1-1. Each individual fuel cell
produces a potential of about one volt, so hundreds of fuel cells must be connected in
series in a “stack” to get the appropriate DC voltage. This DC voltage is converted to
480VAC in an inverter (located in the EBOP).
The reforming process is shown in Fig. 1-1 below.

Figure 1-1. Molten Carbonate Fuel Cell diagram
1

A waste heat recovery system has been implemented in conjunction with the fuel cell
plant. The waste heat recovery unit produces dual heating hot water loops for campus
building ventilation heating, and domestic water and swimming pool heating water for
the University Student Union (USU). The waste heat recovery system was designed by
CSUN’s Physical Plant Management staff and engineering students to accommodate the
operating conditions required by the four individual fuel cell units as well as the thermal
energy needs of the campus. A Barometric Thermal Trap (BaTT) (patent pending) was
designed to combine the four fuel cell exhaust streams prior to flowing through a two
stage heat exchanger unit. The BaTT as installed is shown in Fig. 1-2.

(a)

(b)

Figure 1-2. BaTT unit
The fuel cell exhaust composition is presented in Table 1-1 below.
TABLE 1-1 Nominal Exhaust Properties
Gases properties at ambient pressure and 700°F
Species Name

N2
H2O
CO2
O2

Mole Fraction

68.69%
18.18%
4.04%
9.09%

Thermal
Diffusivity
(m2/s)
7.90E-05
1.02E-04
6.19E-05
7.91E-05
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Diffusion
Coeff.
(kg /m-s)
-4.16E-09
-3.17E-07
2.12E-07
1.09E-07

Thermal
Conductivity
(W/m-K)
4.81E-02
6.66E-02
4.45E-02
5.13E-02

The thermodynamical properties of the fuel cell exhaust mixture are listed in Table 1-2
Design specifications for the HRU are provided in Table 1-3.

TABLE 1-2. Fuel cell gases mixture properties
Mixture Properties at 700°F
Density
5.15E-01
Molar Density
1.89E+01
Thermal Diffusivity
8.62E-05
Kinematic Viscosity
5.86E-05
Thermal Conductivity
5.29E-02
Heat Capacity
1.19E+03
Dynamic Viscosity
3.01E-05

kg/m³
mol/m³
m²/s
m²/s
W/m.K
J/kg.K
kg/m.s

TABLE 1-3. Design specifications for HRU
Parameter
Sensible Coil
Gas Flow
2600
Gas Temp In
650
Gas Temp Out
170
Water Flow
48
Water Temp In
140
Water Temp Out
200
Heat Rate
1.44

Latent Coil
2600
170
120
34
75
120
0.76

TABLE 1-4. Molecular Mass Calculation of Mixture [15]
Molecular Mass Calculation for Mixture
Gas

MW

% Moles

Partial MW

CO2

44

0.04

1.76

H2O

18

0.18

3.24

O2

32

0.09

2.88

N2

28

0.68

19.04

Mixture

26.92
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Unit
SCFM
°F
°F
gpm
°F
°F
MBtu/h

The BaTT unit was installed near the MBOP modules to minimize the back pressure
buildup and the HRU was installed on the roof due to lack of space on the ground. The
completed HRU unit is shown in Fig 1-3.

(a)

(b)

Figure 1-3 The Heat Recovery Unit (HRU) installation with sensible and latent heat
recovery coils shown

The BaTT is required to maintain an appropriate exhaust back pressure at the individual
fuel cell units under a variety of operating conditions and without reliance on mechanical
control systems. The two stage heat exchanger uses separate coils for recovering sensible
and latent heat in the exhaust stream. The sensible heat is used for heating water for the
campus’ hot water system. The latent heat represents a significant amount of energy
because of the high steam content in the fuel cell exhaust, although it is available at a
lower temperature. CSUN’s design is able to make effective use of the latent heat
because of the need for swimming pool heating and hot water for showers in an adjacent
recreational facility at the USU. Design calculations indicate that a Combined Heat and
Power efficiency of 74% is possible. [2]
Figure 1-4 shows the schematic view of control system for HRU with equipment and
sensors locations.
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Figure 1-4 The Heat Recovery Unit (HRU) schematic diagrams.

Experimental data show that as expected the flow is largely affected by suction of the
HRU fan. Nevertheless, it is desirable to use a simulation tool to study the effect of
various flow parameters such as temperature, pressure and dimensional changes to the
system.
In short the goals of this simulation are:
1- Study the effect of variation in the top pressure outlet from -50 Pa to 50 Pa on
mass flow, heat flux and pressure and temperature profiles inside the BaTT.
2- Determine the conditions that lead to spill of hot gases from the bottom of the
BaTT.
3- Optimization of the HRU output by adjusting the pressure and other factors.
4- Suggest improvements to BaTT and HRU operation.
However before trusting any result from simulation it has to be validated against existing
measurements.

5

2

BaTT Design

The combination of the four exhaust streams provided a number of design challenges:
1. The exhaust ducting system should still be functional in the event that one or
more of the fuel cell units needs to be shut down;
2. The exhaust from an operating fuel cell unit must not be allowed to feed back into
a unit that is shut down;
3. The back pressure at the exhaust stack exit at the MBOP must not exceed 5 inches
of water; and
4. The exhaust system must function without mechanical dampers or similar
equipment which could possibly fail.
These constraints ultimately led to the concept of a Barometric Thermal Trap (BaTT).
Essentially the BaTT is a plenum which is open to the atmosphere at the bottom, mounted
on the outside of the SCP building as shown in Figure 2-1. The main plenum has a crosssection of 4 ft by 4 ft, and a height of 7 feet. The plenum transitions to an 18 inch square
duct, which leads to the HRU mounted on the roof.
The goal of the BaTT is to maintain atmospheric pressure at all times to ensure that
regardless of any obstruction downstream of the BaTT, the fuel cells will not be affected.
The uniformity of the vertical temperature variation in the BaTT is used to fine-tune the
exhaust fan speed, as noted below.
Eight inch ducting leads from each MBOP and is reduced to six inches as it enters the
BaTT. While the duct length varied slightly for each unit, the average length was about
50 feet. A view of the ducting orientation is shown in Figure 1-2 (b). Calculated pressure
drops for each duct averaged about 3 inches of water, which gave a comfortable margin
from the 5 inch limit specified by FCE.

6

Figure 2-1 Schematic of the BaTT and its dimensions

3

Flow Conditions and Physical Data

The schematic drawing on the right shows the inlets and outlet of the BaTT unit and the
specified conditions in Fig. 2-2

The nominal exhaust gas volume flow rate from each DFC300 is 1000 SCFM.
To find out the flow rate at the 700°F and at ambient pressure we have
Actual flow rate at standard conditions at inlet-1 Qs1=1000
ρS1=1.123
Density at standard conditions
ρa1=0.514
Density at actual conditions at inlet-1

scfm
kg/m³
kg/m³

Flow at actual conditions at inlet-1

cfm

Qa1=2180.58

Or if we convert it to metric units
7

Qa1= 2180.6/2118.9 = 1.03 m³/s
The cross section area of each inlet pipe
with diameter of d= 6” is
A1=πd2/4= 28.26 in2 = 0.0182 m2.
Therefore, mean velocity at inlet 1 is
V1=1.03/0.0182= 56.4 m/s
It can be seen that the flow entering the
BaTT is at turbulent conditions by
examining the Reynolds number.
Since temperature will not vary significantly
for the purpose of determining the flow
regime from Table 1-2 we have

Figure 2-2: Schematic
of the BaTT and its
boundaries

υ1 υ3 3.01E‐5 kg m‐1s‐1
⁄

56.4

0.1524⁄3.01

5= 2.85

10

At the top of the BaTT turbulent conditions also exist because the Reynolds number is
sufficiently large. Assuming that the total mass entering the BaTT leaves from outlet 3
we have
4

1.03/ 18

0.0254 = 19.71 m/s

19.71 0.4572
3.01
5

2.99

10

Since flow is turbulent throughout the BaTT based on the Reynolds numbers above, a
turbulence model was required in the numerical simulation of the flow.
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3 Computational Methodology
3.1 Standard k‐ε Model in Fluent
The standard k‐ε model [ 3] is a simple and semi-empirical model based on transport
equations for turbulence kinetic energy k and its dissipation rate ε . This method
which was proposed by Launder and Spalding is reasonably accurate for a wide range of
turbulent flows.
The turbulent kinetic energy k is defined as
(3-1)

2

The model transport equation for k is derived from the exact equation, while the model
transport equation for ε was obtained using physical reasoning and bears little
resemblance to its mathematically exact counterpart.
In the derivation of the k-ε model, the assumption is that the flow is fully turbulent, and
the effects of molecular viscosity are negligible. The standard k‐ε model is therefore
valid only for fully turbulent flows.
The standard k-ε model has strengths and weaknesses, and improvements have been
made to the model to enhance its performance. Two of these variants are available
in FLUENT: the RNG k‐ε model [4] and the realizable k-ε model [5].
3.1.1

Transport Equations for the Standard k‐ε Model

The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from the
following transport equations:

(3-2)
and
(3-3)
Gk represents the production rate of turbulence kinetic energy and is defined as
(3-4)
9

To evaluate Gk in a manner consistent with the Boussinesq hypothesis,
(3-5)
where S is the modulus of the mean rate-of-strain tensor, defined as

(3-6)

2

Gb is the generation of turbulence kinetic energy due to buoyancy and is given by
(3-7)
where Prt is the turbulent Prandtl number for energy and gi is the component of the
gravitational vector in the ith direction. For the standard k‐ε models, the default value of
Prt is 0.85. The coefficient of thermal expansion, β, is defined as
1

(3-8)

For ideal gases, Equation 3-7 reduces to

(3-9)

The degree to which ε is affected by the buoyancy is determined by the constant C3ε.
In FLUENT, C3ε is not specified, but is instead calculated according to the following
relation: [ 6]
tanh

(3-10)

where ν is the component of the flow velocity parallel to the gravitational vector and u is
the component of the flow velocity perpendicular to the gravitational vector.
YM represents the contribution of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate for high-Mach-number flows, and is omitted in this simulation
since velocities are at low Mach numbers. Hence YM=0
10

Furthermore, C1ε and C2ε are constants. σk and σε are the turbulent Prandtl numbers
for k and ε, respectively and are constants as well.
These constants have the following default values: [ 3]
C1ε = 1.44, C2ε = 1.92, σk = 1.0,

σε = 1.3

Sk and Sε are user-defined source terms. In our simulation model Sk and Sε are zero.
The turbulent (or eddy) viscosity, µt, is computed by combining k and ε as follows:
2

(3-11)

where Cµ is a constant and its value is: Cµ= 0.09[ 3]
3.2

Standard Wall Functions

The standard wall functions are based on the proposal of Launder and Spalding[ 9] and
have been most widely used for industrial flows. They are provided as a default option in
FLUENT.
3.2.1

Momentum Equation For Standard Wall Functions

The law-of-the-wall for mean velocity yields
1

(3-12)

ln

where U* and y* are defined as
1⁄4

1⁄2

(3-13)

⁄
1⁄4

and

1⁄2

(3-14)

is the von Kármán constant and has a value of 0.4187
is an empirical constant with a value of 9.793
is the mean velocity of the fluid at point P
is the turbulence kinetic energy at point P
11

µ

=

distance from point P to the wall

=

dynamic viscosity of the fluid

The logarithmic law for mean velocity is known to be valid for 30 < y* < 300. The loglaw is employed when y* > 11.225.
When the mesh is such that y* < 11.225 at the wall-adjacent cells, FLUENT applies the
laminar stress-strain relationship that can be written as
(3-15)
3.2.2

Energy Equation For Standard Wall Functions

Reynolds' analogy between momentum and energy transport gives a similar logarithmic
law for mean temperature. The law-of-the-wall for temperature comprises the following
two different laws:
•
•

linear law for the thermal conduction sublayer where conduction is important, and
logarithmic law for the turbulent region where effects of turbulence dominate
conduction

The thickness of the thermal conduction layer is, in general, different from the thickness
of the (momentum) viscous sublayer, and changes from fluid to fluid. For example, the
thickness of the thermal sublayer for a high-Prandtl-number fluid (e.g., oil) is much less
than its momentum sub-layer's thickness. For fluids of low Prandtl numbers (e.g., liquid
metals), on the contrary, it is much larger than the momentum sublayer thickness.
For a smooth wall, the law-of-the-wall has the following composite form:
(3-16)
1

ln

where P is computed by using the formula given by Jayatilleke [ 11]:
⁄

9.24

1 1

0.28

and
12

.

⁄

(3-17)

kP = turbulent kinetic energy at point P
ρ

= density of fluid

cp = specific heat of fluid
= wall heat flux
TP = temperature at the cell adjacent to wall
Tw = temperature at the wall
Pr = molecular Prandtl number ( µcp/kf)
Prt = turbulent Prandtl number (0.85 at the wall)
Uc = mean velocity magnitude at y* = yT*
The non-dimensional thermal sublayer thickness, yT*, in Equation 3-16 is computed as
the y* value at which the linear law and the logarithmic law intersect, given the molecular
Prandtl number of the fluid being modeled.
The function for P given by Equation 3-17 is relevant for the smooth walls.
3.2.3

Turbulence For Standard Wall Functions

In the k‐ε models the k equation is solved in the whole domain including the walladjacent cells. The boundary condition for k imposed at the wall is
(3-18)

0
where n is the local coordinate normal to the wall.

The production of kinetic energy, Gk, and its dissipation rate, ε, at the wall-adjacent cells,
which are the source terms in the k equation, are computed on the basis of the local
equilibrium hypothesis. Under this assumption, the production of k and its dissipation
rate are assumed to be equal in the wall-adjacent control volume.
Thus, the production of k is computed from

1⁄4
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1⁄2

(3-19)

and ε is computed from
3⁄2

3⁄4

(3-20)
The ε equation is not solved at the wall-adjacent cells, but instead is computed using
Equation 3-20. The value of ω at the wall is specified as
2

(3-21)

The asymptotic value of ω in the laminar sublayer is given by
,

6
2

(3-22)

where
2

50

25
(3-23)

100

25

where
max 1.0,

(3-24)

and ks is the roughness height.
In the logarithmic (or turbulent) region, the value of ω is
1
(3-25)
∞

which leads to the value of ω in the wall cell as

(3-26)
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For most wall-bounded flows the standard wall functions work reasonably well. The
equations become less reliable when the flow situations depart too much from the ideal
conditions. The constant-shear and local equilibrium hypotheses are the ones that most
restrict the accuracy standard wall functions.

15

3.3

3

Boundary and initial conditions

The boundary conditions for the model are
as listed below:
BC1(Boundary condition 1) is a Velocity
Inlet in Fluent which is the inlet point for
hot exhaust gas entering the BaTT at the
temperature and flow rate shown in Section
2.1, Table 1-2 and Table 1-3.

1

BC2 is a Pressure Outlet at atmospheric
pressure and outdoor temperature of 300K
2

BC3 is a Pressure Outlet which can vary
and depends on HRU fan speed.

Table 3-1 below shows the velocity and pressure for each boundary condition above.
The entries in red are boundary conditions; the blue entries are calculated based on
measurements in the field.
Initial values for k and ε can be calculated as shown below. [14]

3
2

(3-27)

where I is the initial turbulence intensity percentage given below, and U is the initial
velocity magnitude;
⁄

⁄

(3-28)

Here l is the turbulence or eddy length scale, given below, and cμ is a k-ε model
parameter with a typical value of 0.09

I = 0.16Re − 1 / 8
where Re is the Reynolds number

l = 0.07L
L is a characteristic length. For internal flows this may take the value of the inlet duct (or
pipe) width (or diameter) or the hydraulic diameter.
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Table 3-1: Boundary conditions for standard operation of BaTT unit

Boundary

Velocity (m/s)

1

2

3

Pipe inlet

Bottom

Top Outlet

1 m/s

12.3 m/s

Pressure Outlet

Pressure Outlet

0 pa

-50 Pa to 50 Pa

Velocity Inlet
56.4 m/s (1000 scfm)

Pressure (Pa)

Note specified

Temperature (K)

650

300

Note specified

K

2.50E+00

3.57E-04

2.79E-01

Є

6.09E+01

1.30E-05

7.57E-01

The above boundary conditions were used in the simulation. The red values are boundary
conditions that remain the same throughout the simulation but the blue values are only
initial conditions to start the simulation.
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3.4

Mesh Development

The mesh was created using the Gambit software, version 2.4, which is the geometry and
meshing software for Fluent.
Gambit software is only available in a 32 bit version, which means the biggest mesh in
theory cannot use more than 2
4.3 10 bytes of memory. The available personal
computers in the ME Design Center have 4 GB, memory which 0.9 GB is used by the
operating system. Since every 1000 bytes is approximately equivalent to 1 node in
Gambit, therefore the mesh had the maximum size limit of 3.4 million nodes.
To optimally use the memory, the areas near the walls had a mesh size of 0.2 inches or 5
millimeters and the mesh size increases to a maximum of 0.5 inches or 12.7 mm.
Tetrahedral meshing elements have been used inside the BaTT. In the pipes, the mesh
sizes vary from 0.2 inch to 0.4 inch (which is about 5 mm to 1 cm) and a size function
(Fig. 3-1) has been utilized to increase the number of nodes near walls, therefore allowing
for better modeling of turbulent near walls.
To increase the number of mesh nodes, the adaptive function of FLUENT has been used
with the criteria of splitting each cell until the velocity gradient is less than 5 m/s across
each cell in all directions. This method yields a mesh with 4.6 million nodes. For further
refinement of the mesh, the criteria of 1 m/s velocity gradient across each cell was used,
and the number of nodes increased to 7.6 million.

Fig. 3-1: Partial horizontal section view of original mesh with refined mesh near walls
using size function
It is important to notice that FLUENT, unlike GAMBIT, is not limited by the size of the
memory of the computer and therefore the only limit is the hard drive size of the
computer in use.
18

3.4.1

Mesh Independence

It is important to show that the results are independent of the mesh. One way to
demonstrate that is to show that the result does not change considerably if the number of
mesh nodes is varied by +/- 25%
In Table 3-2, the characteristics of the three meshes (A, B and C) are listed.
Table 3-2: Mesh comparison
Mesh

Nodes

Faces

Cells

A

3,700,785

29,701,066

13,992,896

B

4,619,995

32,449,818

14,833,792

C

7,919,712

42,810,928

18,132,345

In order to verify the mesh independence, the boundary and initial conditions in Section
3.3 were used for all three meshes listed in Table 3-2. The simulation was done only with
dynamic equations solved and the energy equation was excluded. The reason for
excluding the energy equation was due to the fact that the hot gas flow through the BaTT
is mainly a forced flow and buoyancy forces seemed to have little effect on the flow in
general. Therefore it was decided in order to speed the process, just to consider an
isothermal (or a "Cold BaTT") case and exclude the energy equation from the simulation
process.
Figures 3-2 to 3-4 show the results of simulation for each of three meshes. The plots
show the vertical velocity component at the open face at the bottom of the BaTT. As it
can be seen, the velocity pattern for all three meshes, are very similar.

19

Fig. 3-2: Z-Velocity contours at the bottom outlet for model A

Fig. 3-3: Z-Velocity contours at the bottom outlet for model B

Fig. 3-4: Velocity contours at the bottom outlet for model C
20

A quantitative way to check the mesh independence is to compare the mass flux values at
the top and bottom boundaries for meshes A, B and C. In Table 3-3 the mass fluxes
resulted from the simulation are listed for all three meshes. The results are very close and
the maximum deviation is less than 0.1% at the bottom outlet and 0.01% at the top outlet.
Table 3-3: The mass flux through inlets and outlets of the BaTT is shown for all three
meshes under the same boundary conditions.
Mesh

Inlet 2- BaTT
bottom mass
flux(kg/s)

Inlet 3- BaTT outlet
mass flux (kg/s)

A= 3.7 Million
nodes

0.2437

2.3625

B= 4.6 Million
nodes

0.2414

2.3602

C= 7.9 million
nodes

0.2418

2.3606

0.0023 (~0.1%)

0.0023 (~0.01%)

Maximum Deviation

Based on the results in Table 3-3 it has been determined that size of the mesh cells are
fine enough and therefore the simulations results will be independent of the mesh. Mesh
B was used for all further simulations.
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4

Isothermal Simulations, "Cold BaTT"

In the isothermal simulation the energy equation is excluded from the simulation and the
dynamic equations are solved using the k‐ε method as mentioned in Section 3. The main
goal of isothermal, or "Cold BaTT" simulation, is to compare the results with the
complete solution of both dynamic and energy equations (or "Hot BaTT") and determine
the effects of heat transfer and buoyancy forces on flow characteristics. Of special
interest are the conditions that lead to reverse flow at the bottom of the BaTT where hot
gasses flow out. Spill of hot gases from the bottom of the BaTT is generally not desirable
because it increases the energy loss of the system. On the other hand the increase of
outdoor air flow into the BaTT from the bottom inlet also increases the fan work and
reduces the efficiency of the system. One of the main factors affecting the flow condition
is the outlet pressure at the top of the BaTT. To see the effect of pressure variations
without the thermal effect first the boundary condition was changed at the top outlet from
-50 Pa to +50 Pa while keeping other conditions the same. It is important to notice that
the lowest average pressure occurs in the inlet of HRU fan. Depending on flow
conditions, there may be a negative or positive atmospheric pressure at the top outlet of
the BaTT. A positive pressure at the top outlet means that the fan is not running at full
speed, or an obstruction has caused low flow and pressure has built up which may cause
reverse flow at the bottom of BaTT. On the other hand, with a negative flow at the top it
is interesting to see if there will be any reverse flow at the bottom outlet. The results for
the "Cold BaTT" simulations are shown in Table 4-1.
Table 4-1: Simulation results for various pressures at the top outlet
Pressure at the top
outlet Pa
Mass flux at velocity
inlets (kg/s)
(Fixed)
Mass flux at the bottom
outlet (kg/s)
(Computed)
Mass flux at the top
outlet (kg/s)
(Computed)
Error
Reverse flow at the
bottom?

-50

-20

0

20

50

0.52969

0.52969

0.52969

0.52969

0.52969

0.45993

0.24141

-0.10321

-0.54546

-1.20504

2.57865
0.00004

2.36023
-0.00006

2.01557
-0.00002

1.57332
-0.00002

0.91382
-0.00010

No

No

Yes

Yes

Yes

22

From the values in Table 4-1, the following conclusions are deduced.
1- The mass flux difference (error) shows that the continuity principle applies and
results are converging. Also the difference between the top and the bottom outlets
is fixed and equal to the mass inlet.
2- With the increase in the top outlet pressure the overall mass flow at the bottom
reverses its direction from net inflow to outflow as expected.
3- The mass flow at the bottom is close to zero when the top outlet pressure is
between
–20 Pa and +20 Pa.
To compare, the mass flux at various top outlet pressures has been plotted in Fig. 4-1
Mass Flux for Isothermal BaTT
3

Bottom oulet

2.5

Top Outlet

Mass Flux (kg/s)

2
1.5
1
0.5
0
‐60

‐40

‐20 ‐0.5 0

20

40

60

‐1
‐1.5
Top Outlet Pressure (Pa)

Figure 4-1: Parametric effect of back pressure at the top outlet on total mass flux
at the bottom outlet
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5

Simulation with heat transfer, "Hot BaTT"

The hot gases enter the BaTT at about 710°F which is a relatively high temperature
compared to outdoor air temperature and the rate of upward flow is expected to increase
due to buoyancy. There are two experimental sets of data collected in January 2007 and
in March 2007[1]. The January 2007 data were taken when the DFC units were at their
early operation and as can be seen from Fig 5-1(b) the DFC exhaust gases temperature
varying from 670°F to about 730°F. The HRU fan was set manually at a speed that turned
out to be too low and although there was a flow of about 1000 scfm from each inlet the
total flow from the top outlet was slightly less than 3000 scfm. Some of the hot gases
flowed out from the bottom opening. The second set of data is close to the normal
operational condition of the BaTT where the HRU fan is running at a higher speed. In the
second set of data, there is 700 scfm flow from outside into the bottom opening and 4000
scfm flow from the top outlet. The flow rate of 1000 SCFM for each inlet at a
temperature of 710°F was used for the simulation of the BaTT with both momentum and
energy equations solved. The effects of radiation were not included in the solutions.
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730
720

Temperature, deg F

710
700

Fuel Cell 1
Fuel Cell 2
Fuel Cell 3
Fuel Cell 4
HRU

690
680
670
660
650
10:00:00

11:00:00
12:00:00
Time of Day, March 3, 2007

13:00:00

(a)
730
720

Temperature, deg F

710
700
690
680
Fuel Cell 1

670
660
650
9:00:00

Fuel Cell 2
Fuel Cell 3
Fuel Cell 4
HRU

10:00:00

11:00:00

12:00:00

Time of Day, January 10, 2007
(b)
Figure 5-1: Fuel cell exhaust and HRU entering temperatures from measurements taken
on (a) March 2007 and (b) January 2007.
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5.1

Top
Outlet

Boundary conditions

The thermal boundary conditions were
defined as follows.

Wall-8
18x18 Outlet

At inlet-1, the inlet temperature is 710 °F or
650 K.

Wall-7
Pyramid

ho

At the bottom boundary #2 the temperature
of ambient air is assumed to be 300K.

Pipe
Inlets

At the top outlet boundary #3 the
temperature is unknown but this temperature
is only needed if reverse flow happens.
Therefore, we leave this value unspecified.

Bottom
Outlet
Wall-2
Bottom strip

We also have to determine the convection
factor ho outside of the BaTT.

Fig. 5-2: BaTT boundary designations
and exterior conditions

For a vertical hot wall Bailey[13] showed
average convection factor ( /
for
turbulent natural convection is given by

0.1

Wall-1
4’x4’x4’ Box

⁄

10

1013 (5-1)

L is the total vertical length of the surface and is the average fluid conductivity factor.
Since the inclined portion is small compared to other vertical surfaces of the BaTT, the
overall height of the BaTT is used for L= 48+24+24= 108 in = 2.44 meters.
Rayleigh number is then defined as
(5-2)

and Grashof number GrL is given by
(5-3)

for ideal gases we can write
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1/
Where Tf is air film temperature. To estimate an approximate value for Tf we can use the
average of the wall temperature (Tw)and the air temperature far from the wall (T∞). Since
the walls of the BaTT are low thickness steel plates with high thermal conductivity we
can assume that the wall temperature is very close to internal flow temperature which in
turn is very close to hot gases inlet temperature. Therefore we have Tw = Tint.
T

T

T

/2.

Tf = (650+300)/2 = 475 K
At this film temperature, the kinematic viscosity and Prandtl numbers are:
Prf = 0.685 and νf = 34.63×10-6 (m2/s)
For natural convection, a flow with Grashof number above 10 is considered turbulent.
The value for Grashof number in the external walls of the BaTT is:
9.54

10

This means the natural convection flow outside the BaTT is turbulent and

RaL

9.54

10

0.685

6.54

10

Using the average Nusselt number, the heat transfer coefficient is:
2.85 ( /
For all vertical walls of the BaTT, the above value has been used as the thermal
convection factor.
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(5-4)

5.2

Results

Simulation with the momentum and energy equations converged, at about 1600 iterations
and the residual error fell below 10-4 for all variables, as shown in Fig. 5-3.

Figure 5-3: Iteration residuals for simulation with both momentum and energy equations
Fig. 5-4 shows the mass flow rates at the bottom and top outlets of the BaTT for the cases
of "Hot BaTT" and "Cold BaTT" discussed in Section 4. The flow rate for Hot BaTT case
is higher for any given pressure at the top outlet. This is expected since buoyancy helps
the upward movement of hot gases. An interesting observation is that the flow rates are
very close at low pressures but at higher pressures the curves part from each other, which
is due to the fact that momentum forces beome dominant at high flows associated with
low pressure at the top outlet. Therefore there is not much of the difference in the mass
flow rate at low pressures.
As was mentioned earlier, the net mass flow at the bottom outlet is one of the important
factors which will affect the performance of the HRU. Fig. 5-4 shows that for the case of
Hot BaTT, the net mass flow reverses its direction when the top outlet pressure is at
about 25 Pa.
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Mass3Flux (kg/s)

Hot BaTT
Top Outlet

2.5
2

Cold BaTT
Top Outlet

1.5

Hot BaTT
Bottom Outlet

1

Zero mass flow
@ ~25 Pa

0.5
0
‐60

‐40

‐20

0

20

40

60

‐0.5

Cold BaTT
Bottom Outlet

‐1
‐1.5

Figure 5-4: Mass flux charts for both cases of Cold and Hot BaTT
In order to see the effect of pressure changes at the top outlet on mass flux, heat flux and
temperature and velocity contours, three cases of P3= -50 , 0, & 50 Pa are compared in
Fig. 5-5.
Section views show the static temperature and velocity contours in the BaTT on
horizontal and vertical planes.
Comparing the temperature contours in Fig. 5-5 (a), (c) and (e) shows that by increasing
the pressure from P3= -50 Pa to 50 Pa the mass at the bottom inlet reverses its direction
and temperature distribution becomes more even and near the temperature of the hot inlet
gases. It shall be noted that the color scale is adjusted for each case to better illustrate the
variation in velocity and temperature, therefore the temperature scales of Figure 5-5 (a),
(c) and (e) are not the same. To better distinguish the upward flow from downward flow
in the bottom opening, the scale is chosen to be from zero to 2 m/s in Figures 5-5 (b) and
(f) and from -1.5 to zero in (d).
Comparing the three figures shows that by reversing the pressure from -50 to 50 Pa the
flow reverses in the center core of the BaTT, flowing out from the bottom opening. Near
the corner and walls the flow is always in reverse of core flow due to the eddy effect
created by the walls.
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(a) Temperature contours at P3= -50 Pa

(b) Velocity component normal to the bottom inlet plane at P3= -50 Pa
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(c) Temperature contours at P3= 0 Pa

(d) Velocity component normal to the bottom inlet plane at P3= 0 Pa
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(e) Temperature contours at P3= 50 Pa

(f) Velocity component normal to the bottom inlet plane at P3= 50 Pa
Figure 5-5: Temperature and velocity counters for three cases of -50, 0 and 50 Pa top
outlet pressure
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The heat transfer rate through the boundaries of BaTT, are shown in Table 5-1. As it can
be seen the majority of the heat transfer occurs through inlets and outlets of the BaTT and
the total heat transfer through the walls is very small or even negligible at outdoor air
temperatures near 300K.
To better illustrate the effect of pressure variation at the top outlet on the heat flux
through the bottom and top outlets, the results are also shown in Fig. 5-6.
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Table 5-1: The total heat transfer rate through BaTT outlets and walls
Description

Total Heat Transfer Rate (W)
-40 Pa

-20 Pa

0 Pa

20 Pa

50 Pa

Velocity inlet (B.C 1-1)

187,571

187,571

187,571

187,571

187,571

187,571

Velocity inlet (B.C 1-2)

187,571

187,571

187,571

187,571

187,571

187,571

Velocity inlet (B.C 1-3)

187,571

187,571

187,571

187,571

187,571

187,571

Velocity inlet (B.C 1-4)

187,571

187,571

187,571

187,571

187,571

187,571

Total Inlet heat flux

750,284

750,284

750,284

750,284

750,284

750,284

BaTT bottom Outlet (B.C. 2)

13,240

8,294

31,524

40,380

38,283

117,874

BaTT Top Outlet (B.C. 3)

728,330

733,136

718,722

709,682

700,936

620,648

Wall-1*

4447

4530

17

18

5,771

6,405

Wall-2*

2

2

2

2

2

2

Wall-7*

3,359

3,412

10

11

4,022

4,307

Wall-8*

930

948

3

3

1,038

1,083

Sub-Total heat flux from walls

8,738

8,892
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34

10,833

11,797

Total heat out flux

750,308

750,322

750,278

750,096

750,052

750,319

-0.003%

-0.005%

0.001%

0.025%

0.031%

-0.005%

Fixed by boundary
condition

-50 Pa

Error (%)

*See Fig 5-2 for wall designations
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As can be seen from Table 5-1 and the corresponding chart in Fig. 5-6, the optimum
condition occur around -40 Pa at the top outlet. This condition maximizes the heat output
of the BaTT unit and minimizes the heat loss from the bottom outlet.
This might seem counterintuitive since the net mass flux at the bottom inlet is zero when
the top outlet is at about 25 Pa. Therefore naturally one expects that at the same time the
net heat flux from the bottom inlet goes to its minimum. But, it is important to notice that
when net mass flux equals to zero it only means that the total mass coming into the BaTT
and going out at the bottom inlet are equal and they cancel each other out. However the
outgoing gases are at a much higher temperature than the incoming air. Therefore the
heat transfer rate is not at its minimum when the net mass flux is zero at the bottom inlet.
The minimum heat transfer at the bottom inlet occurs when the top outlet is at about 40Pa and the mass flow rate of outgoing hot gases is at its minimum compared to
incoming air. By increasing the fan suction and hence reducing the pressure at the top
outlet to lower pressures (i.e. -50 Pa) the inward flow increases at the bottom inlet. The
increase of inward air flow at the bottom inlet although will reduce the temperature of hot
gases exiting the top outlet of the BaTT, but theoretically the total available heat output
rate at the top outlet shall remain the same. Increasing the fan speed and total flow out
of the top outlet will also increase the power consumption of the fan, which will reduce
the overall efficiency of the HRU system. In order to optimize the whole system, an
overall system optimization is required which might include optimum outgoing
temperature for the life cycle of the system.
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Figure 5-6: Total heat transfer rate from outlets and walls of the BaTT unit
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50

60

5.3

Estimation of Discretization Error:

The discretization error is estimated with the published method by ASME. [16] The
followings steps are recommended:
Step 1: Define representative grid of size h as:

⎡1
h=⎢
⎣N

⎤
(ΔVi )⎥
∑
i =1
⎦
N

1/ 3

where ΔVi the volume of the ith cell. Basically the value of h is the average cube root of
the cell volume.
Step 2: Select three significantly different set of meshes to determine the values of key
variables. The key value of this study is the mass flow entering the geometry from the
bottom plate which has an atmospheric pressure as the boundary condition. Due to the
complexity of the geometry and the fact that the study is an internal flow, an average
mesh size is used for h calculation.
Step 3: Let h1 < h2 < h3 and r21 =h2 / h1, r32 =h3 / h2 and calculate the apparent order p by
using iteration method with the first guess:
p=

1
ln ε 32 / ε 21 + q ( p )
ln(r21 )

q ( p ) = ln(

r21p − s
)
r32p − s

s = sgn(ε 32 / ε 21 )

where
,
, and denotes the solution (mass flow) on the
is the mass flow entering the geometry from the bottom plate. This set of
grid.
equations is solved using fixed-point iteration.
Step 4: Calculate the extrapolated values from:
12
φ ext
= ( r21pφ1 − φ 2 ) /( r21p − 1)
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Similarly, calculate φ ext

Step 5: Calculate the estimated errors. The approximate relative error is found by:
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ea21 =

φ1 − φ 2
φ1

The extrapolated relative error is:
21
=
eext

12
− φ2
φext
12
φext

Finally the fine grid convergence index is:

GCI

21
fine

1.25ea21
= p
r21 − 1

Table 1 illustrates this calculation procedure for the three selected grids.
Table 5-2: Discretization Error Calculation Procedure
Mass Flow
h1, h2, h3

0.00689365, 0.00825035, 0.0088835

r2,1

1.20

r3,2

1.08

Ø1

0.46

Ø2

0.46

Ø3
p

0.45
30.20

Øext21

0.46

Øext32
ea21
ea32
eext21
eext32

0.46
0.00%
1.578%
0.00%
0.19%

GCIfine21

0.00%

The above calculation demonstrates that the extrapolated relative error between the finest
mesh and the next finest mesh is negligible and further mesh refining will not affect the
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accuracy of the calculated mass flux. The extrapolated relative error between the second
and third set of meshes was found to be significantly higher. The relative error in φ to
report is less that 0.1%.
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6

Comparison of Simulation Results with Measurements

In the industry it is always crucial to compare the results of the simulations to field
measurements because the mere convergence of a model is not sufficient to insure
accuracy. The results must be validated through direct measurements or other means of
validation.
All the measurements mentioned below are taken from the paper published by Dr. Robert
Ryan and Mr. Tom Brown.[1]
The following temperature and flow sensors are installed on the combined system to
monitor and control the system to its optimum conditions. (See Appendix A)
Table 6-1: Flow and temperature sensors on combined heat and power system
Item
1
2
3
4
5
6
7
8
9
10
11

Sensor ID
FC#EAF
FC#EAFC
FC#EAT
FCBHT#
FCEAF
FCEAFC
FCEAT1
FCEAT2
FCHC1E
FCHC1L
FCHWF1

Location and Parameter
Fuel Cell Number #, Exhaust Flow in ACFM
Fuel Cell Number #, Exhaust Flow in SCFM
Fuel Cell Number #, Exhaust Temp., deg F
Temp. in BaTT, deg F (1 @ bottom, 5 @ top)
HRU Exhaust Flow, in ACFM
HRU Exhaust Flow, in SCFM
Exhaust Temp. before coils, deg F
Exhaust Temp. between coils, deg F
Hot Water Temp. entering sensible coil, deg F
Hot Water Temp., leaving sensible coil, deg F
Hot Water Flow is sensible coil, gpm

Figure 6-1 shows the approximate location
of the temperature sensors along the BaTT
unit.

FCBHT-5

FCBHT-4
FCBHT-3
FCBHT-2
FCBHT-1

Fig. 6-1: Temperature sensors
approximate locations
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Unfortunately there are no pressure measurements at the top outlet of the BaTT unit
presently available. Therefore it will be hard to compare the simulation results with the
measured data based on the pressure at the top outlet. The only way to match the data is
the flow rate measured at January and March of 2007. The data for March 2007 shows
that the flow rate of air entering the BaTT at the bottom inlet was measured to be at 700
scfm. Therefore the total volumetric flow rate at the time of measurement was 4700 scfm.
A calculation of the equivalent flow in scfm at the bottom inlet in was performed for
comparison.
0.45

⁄ ,

1.16

/
⁄

The volumetric flow is:

0.35

/

The above flow is at standard atmospheric pressure and temperature and the only
operation to convert it to scfm is multiplying by conversion factor.
0.35

2118.88

821.98

The above flow is slightly higher than the measured flow at BaTT in March 2007
data. Therefore if the model is accurate, we could conclude that the pressure at the
top outlet at that time was between -20 Pa to -50 Pa. Note that since there is a net
inward air flow at the bottom outlet, the density of air was used in standard
conditions to calculate the flow rate at the bottom outlet in terms of SCFM.
Table 6-2 shows the mass flux through the BaTT outlets and inlets and its
corresponding volumetric flow rate in SCFM. The volumetric flow rates were
calculated similar to above. The only difference is the density used depending on the
flow direction at the bottom. If the net flow is inward, the density of air in standard
conditions, were used and if the flow is outward, the standard density of the hot
mixed gases were used.
Table 6-2: Summary of mass fluxes and flow rates for Hot BaTT
Pressure at Top Outlet P3 (Pa)
Type

Boundary
1
Mass
2
Flux
3
(kg/s)
Error
1
Flow
2
Rate
3
(SCFM)
Error

‐50
2.1188
0.4542
‐2.5729
0.00%
3998
830
‐4855
0.56%

‐20
2.1188
0.24142
‐2.36009
‐0.01%
3998
441
‐4453
0.32%

0
2.1188
0.0732
‐2.192
0.00%
3998
134
‐4136
0.11%
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20
2.1188
0.06795
‐2.1867
0.00%
3998
124
‐4126
0.10%

50
2.1188
‐0.3104
‐1.8083
‐0.01%
3998
‐586
‐3412
‐0.01%

750

Temperature, deg F

650
550
BaTT, T1
BaTT, T2
BaTT, T3
BaTT, T4
BaTT, T5
HRU

450
350
250
150
50
10:00:00

11:00:00

12:00:00

13:00:00

Time of Day, March 3, 2007

Figure 6-2 (a) : Temperature distribution in BaTT in March 2007

750

Temperature, deg F

730
710
690
670
BaTT, T1
BaTT, T2
BaTT, T3
BaTT, T4
BaTT, T5
HRU

650
630
610
9:00:00

10:00:00

11:00:00

12:00:00

Time of Day, January 10, 2007

Figure 6-2(b) : Temperature distribution in BaTT in January 2007
The flow rate measurement taken in January 2007 was indicated to be 4000 SCFM
of hot gases from the four fuel cells and 3000 SCFM through the top outlet. It was
concluded that about 1000 SCFM was the outgoing flow from the bottom outlet of
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the BaTT unit. Looking in Table 6-2, it seems that the top outlet pressure must have
been at pressures higher than 50 Pa.
Table 6-3 shows the measured temperatures in January and March 2007 and the area
weighted average temperatures at the same height of the temperature sensors resulted
from the simulation for the case with P3=50 Pa. As it appears the simulation results are
closer to January measured data.

Table 6-3: Comparison of measured temperatures with simulation results

Temperature vs. Height
Temperature
Sensor

Measured Value
Jan 2007

Measured Value
Mar 2007

°F

K

°F

K

BaTT, T1

678

632.04

110

316.48

BaTT, T2

698

643.15

170

349.82

BaTT, T3

705

647.04

625

602.59

BaTT, T4

705

647.04

650

616.48

BaTT, T5

720

655.37

690

638.71

Simulation Result for 50pa
top pressure and 1000
scfm inlet flow rate
°F
K
645.33
613.89
662.86

623.63

683.35

635.01

694.94

641.45

691.30

639.43

The average measured temperatures in January of 2007, is 25°F higher than simulation
results. The reason for this difference is due to the fact that measured temperatures are
only single point measurement of the temperature but simulation results are the area
weighted average temperature at the same height of the temperature sensors.
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Figure 6-3(a): Temperature distribution in BaTT at P3=50 Pa

Figure 6-3(b): Temperature distribution in BaTT at P3= -40 Pa
Fig. 6-3 shows the section views of temperature contours in the BaTT at two different
pressures of 50Pa and -40Pa gauge pressure at the top outlet. Temperatures are higher for
the first case because of the down flow of the hot gases due to high back pressure at the
top outlet. The above simulations are similar to the January and March 2007 site
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measurements. In January 2007 the low fan speed had caused a back flow of about 1000
SCFM down the bottom outlet. As can be seen from Table 6-3, temperatures are higher
compared to the March measurements.

Figure 6-4(a): Temperature along the centerline and near wall in BaTT at P3=50 Pa

Figure 6-4(b): Temperature along centerline and near wall in BaTT at -40 Pa
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Fig. 6-4 shows the plot of static temperature
along two vertical lines inside the BaTT. The
first line is the centerline which is a vertical line
located in the center of the BaTT (Line-1). The
second line as shown in the Fig. 6-5 is near the
wall of the bottom box of the BaTT. This line is
inside the BaTT and at 3 inches distance from the
middle of the wall (Line-2).
As it can be seen, the static temperature along the
Line-1 and Line-2 are higher in first case where
we have downward flow and hot gases spilling
from the bottom inlet vs. Fig. 6-4(b) where we
have upward flow at the bottom side of the BaTT
and net influx of outdoor air into the BaTT. The
entering air is at about 300K and its temperature
rises to about 400K. There is a jump in
temperature rise along the Line-2 in both cases at
about 1.4 m elevation. This elevation is near the
end of the inlet pipes where jets of the hot gases
leave the pipes and get mixed with the existing
gases inside the BaTT.
The temperature profile along Line-2 in Fig. 64(b) has local minimums and maximums at 0.5 m
and 1 m elevation. Looking at Fig 6-4(b) where
the Line-2 is located, it seems that the reason for
this temperature variation is due to existence of
different regions of hot and colder gases in that
side of the BaTT.
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Line-2

Line-1
Line-1

Line-2

Fig. 6-5: Elevation view and top
view of the location of the
profile lines used for plotting
static temperature from
simulation

7

Discussion and Conclusions

One of the main goals of this simulation was a parametric study of flow characteristics
mainly in relation to the top outlet pressure.
In this study the variation of fuel cell exhaust gas temperature or outdoor air temperature
throughout the year was not considered. However based on Fig. 5-4 it is clear that the
flow rates did change by adding the energy equation in the simulation. Therefore we can
conclude that the temperature of hot gases and outdoor air have a direct effect on the
mass and heat fluxes and should be considered in any optimization of the HRU system.
The main controlling parameter remained to be the pressure at the top outlet which in
turn is a function of the fan speed of the HRU system. The results showed that the
optimum condition is when there is some outdoor air flow into the BaTT at the bottom
inlet.
7.1

Future improvements

The following improvements are suggested
1. Study the effect of geometrical parameters such as height, width and length of
BaTT as well as the shape (such as circular vs. rectangular) on the performance of
the HRU.
2. Study the effect of variation in fuel cell hot gas flow on the BaTT and HRU
performance.
3. Study the effect of clogged coil or condition where one or more of the fuel cells
are not in operation.
4. Study of outdoor condition and wind on the BaTT performance.
5. Insulate the BaTT to minimize the heat loss due to natural convection.
6. Install a variable speed drive on the exhaust fan and control the speed at all times
to keep the outdoor air flow into the BaTT at the optimum rate.
7. Include the effect of radiation losses from the BaTT.
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2.1

Appendix A

Figure A-1: DFC300 fuel cell power generator catalog sheet by manufacturer
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