Supplemental Material for Transport Process and Separation Process Principles

Chapter 4
Principles of Steady - State Heat Transfer

Heat transfer is occurring in many chemical and separation processes as a consequence of a
temperature difference. In Chapter 4, the following problem modules explain the heat transfer
processes involved in fuel cell vehicles and in the processes for producing fuel for fuel cells.

4.1-1 Heat Loss through a Stainless Steel Bipolar Plate

4.3-1 Cooling of a Fuel Cell

4.3-2 Heat Loss from an Insulated Pipe

4.3-3 Heat Loss by Convection and Conduction and Overall U
4.3-4 Heat Generation in a Solid-Oxide Fuel Cell

4.5-1 Heating of Natural Gas in Steam-Methane Reforming Process
4.5-2 Trial-and-Error Solution for Heating of Steam

4.5-3 Heating of Ethanol in Reforming Process

4.5-4 Heat-Transfer Area and Log Mean Temperature Difference
4.5-5 Laminar Heat Transfer and Trial and Error

4.6-3 Heating of Steam by a Bank of Tubes in High-Temperature Electrolysis
4.7-3 Natural Convection in Bipolar Plate Vertical Channel

4.8-2 Steam Condensation in a Fuel Cell

4.9-1 Temperature Correction Factor for a Heat Exchanger

4.9-2 Effectiveness of Heat Exchanger

4.11-1 Radiation in Cylindrical Solid-Oxide Fuel Cell

4.15-1 Cooling Channels in Fuel Cell Bipolar Plates
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Principles of Steady-State Heat Transfer
Example 4.1-1: Heat Loss through a Stainless Steel Bipolar Plate

Calculate the heat flux through a stainless steel bipolar plate in a polymer-electrolyte membrane fuel
cell with a thickness of 4.5 mm. The fuel cell is operating at a temperature of 80 °C during the
summer season in Houghton, Michigan where the temperature is 70 °F.

Strategy

The equation for the heat flux obtained from Fourier’s Law can be used to obtain the solution to this
problem.

Solution
Equation 4.1-10 of Geankoplis is defining the heat transfer per unit area as follows:

q__k _
1-——(r-1)

2 1

We can substitute the values given in the problem statement into this equation, but first we need to
convert the temperature outside the fuel cell to °C:

T(°F)-32  70°F-32

T(°C)=
(*€) 1.8 1.8

T= °C
Entering the temperatures inside and outside the fuel cell stack into the heat transfer equation, as

well as the thickness of the bipolar plate represented by x, —x,, we get:

W
— m-

( K —294.25 K)

3 =

a
A

S}

a4
A

=

The thermal conductivity of steel was obtained from Table 4.1-1 of Geankoplis.
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Supplemental Material for Transport Process and Separation Process Principles
Example 4.3-1: Cooling of a Fuel Cell

Air at a temperature of 25 °C is being used for cooling a single cell fuel cell. The convective heat

transfer coefficient of the air is 61.2 and is capable of removing heat at a rate of 183.6 W.

m?-°C

What would be the dimensions of the square surface of the fuel cell if its temperature must not
exceed 50°C?

Air @ 25 °C Air @ 25 °C

SSSNSNENESESSSESESS S

Strategy

The heat transfer rate by convection can be obtained using Newton's Law of Cooling.

Solution

The heat flux q when heat is being transferred by forced convection is defined as follows:
q=hA(T,-T.)

where:

) W
q = heat transfer rate, —-
m

h = convective heat transfer coefficient, >
m .

T, = temperature on the surface of the object, °C
T, = temperature of the air, °C

A = surface area of the fuel cell, m>
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Principles of Steady-State Heat Transfer

To determine the dimensions of the surface of the fuel cell, we can substitute the given temperatures
and heat transfer rate and solve for the area A to yield:

W
(50°C —25°C)

A= — =

W

2'OC

m
A=0.12m’

Since the heat is being removed from the fuel cell through both the left and right faces of the fuel
cell, this value of A must be divided by 2. Thus,

0.12 m? cm’
Afuel cell = 2 ( 1 m2 j

_ 2
Afuel celll — ——m8 ¥ —— cm

The dimensions of a fuel cell with a square surface could be obtained as follows:

L= V Afuel cell = \/7 sz

|L= cm|

Therefore, for a heat transfer rate of 183.6 W, air at 25 °C can be used to keep the surface area of a
cm X cm fuel cell at a temperature of °C.
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Supplemental Material for Transport Process and Separation Process Principles
Example 4.3-2: Heat Loss in Fuel Reforming Applications

A pipe made of 308 stainless steel (schedule number 80) with a nominal diameter of 1.5" is carrying
methane at a temperature of 400°C in a steam-methane reforming process for producing hydrogen.
The pipe is insulated with a layer of glass-fiber with a thickness of 1". Determine the temperature at
the interface between the pipe and the glass fiber and the heat loss through the insulated pipe with a
length of 15 m. The surface of the insulating material is at a temperature of 25°C.

A schematic of the pipe is shown below:

T3

T,

Natural Gas
@ 400°C

Strategy

The equation for the heat loss through a pipe can be applied to the different layers in the pipe.
Solution

The heat loss through the walls of a cylinder is given by:

_ T = Tow

7R

where:
Tj, = temperature at the inner wall of the pipe, K

Toue = temperature at the outer wall of the pipe, K

R = resistance of the pipe to the heat transfer through its walls, W
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Principles of Steady-State Heat Transfer

In this problem, we need to apply this equation for both the steel pipe and the insulated pipe. The
overall heat loss will be obtained using this equation for the insulated steel pipe. The resistance to
heat transfer in cylindrical coordinates is calculated with the following equation:

in this equation:
oyt = outer radius of the cylinder, m

Iip = inner radius of the cylinder, m

.. ) \\%
k = thermal conductivity of the material, —K
m .

Ajm = log mean area, m’
The log mean area of the pipe is defined as:

Aout — Ain

=

where A,y and Aj, are the outer and inner surface areas of the cylinder, respectively.

Applying the equations for resistance and the log mean areas to the steel and the overall pipe we

have:
Steel Pipe Overall
. _T-T, . T =T
q1—>2 R1—>2 q1_>3 R1—>2 + R2—>3
r,—r
R1—>2 = : :
ksteelAlm,l—>2 A _A
3 1
Apiss =7~
A, — A, In A
Aoy = —A A,
In| —2
Al
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Supplemental Material for Transport Process and Separation Process Principles

To determine the log mean areas we need to look for the radius of the steel pipe in Appendix A.5 of
Geankoplis. For the 1.5" pipe:

Iin=1I1= m
Tout=Ip=__ M

The radius of the pipe including the insulation is obtained by adding the thickness of 1" to the outer
radius of the steel pipe. Hence,

I3 = m + 0.0254 m = m

With these diameter values and the length of the pipe, the areas A;, A, and Az can be calculated as
shown in the following steps.

A, =21, L = 27(0.01905 m)( m) = 1.795 m*
A, =27, L = 27( m)( m) = m’
Aj; = 2731 = 27( m)( m) = m’

The thermal conductivities for the glass fiber and the steel can be found in Appendix A.3 of
Geankoplis and are shown below. The conductivity of the glass fiber was selected at the highest
temperature available in Table A.3-15. The thermal conductivity of steel was obtained from Table
A.3-16.

steel
stee m.oc

Kk =

glass fiber _—
m-°C

Substituting the values we obtained into the equations for the individual layers yields:

Steel Pipe
. _T-T, °C-T,
ql_ﬂ - 1{1—>2 - °£
W
R, W = m=1.l7><10_4—C
21.6—( m?) W
m-°C
2 2
Ao = - > M 025 m?
' 2274 m
n 2
1.795 m
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Principles of Steady-State Heat Transfer

Overall
Gy == C_"C—°C C 26956 W
—+0.139—
W W
R, = m—0.02415m _ 0'139_C
] w) W
m-°C
m’ — m’
Alm,2—>3 = 2 = m’
4.670 m
In| ————
2274 m

Hence, the heat loss through the insulated pipe is 2695.6 W.

Since this answer represents the amount of heat lost per unit time, if we assume that the system is at
steady state. The heat loss per unit time will be the same in the individual layers. Thus, we can use
the equation for the heat loss through the steel pipe to determine the temperature at the steel-glass
fiber interface.

i °C-T

q,, = 2°C =2695.6 W
W

Solving for the temperature T,, we get:

T, = °C-2695.6 W( —Cj

T, = °C

As it can be seen, the temperature at the pipe - insulator interface is almost the same as the
temperature of the inner wall of the steel pipe. This is because most of the heat is lost through the
metal pipe due to the high thermal conductivity of steel in comparison to the thermal conductivity of
the insulating material.
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Supplemental Material for Transport Process and Separation Process Principles

Example 4.3-3: Heat Loss by Convection and Conduction in a Steam-Methane
Reforming Process

Natural gas at 400°C is flowing inside a steel pipe with an inner diameter of 1.5 in and an outer
diameter of 1.9 in. The pipe is insulated with a layer of glass-fiber with a thickness of 1 in. The

. . . . .. btu
convective coefficient outside the insulated pipe is 123ﬂ' The temperature on the external

t”-hr-
surface of the pipe is 43.4°C.

Calculate the convective coefficient of natural gas and the overall heat transfer coefficient U based

on the inside area A, if heat is being lost at a rate of 71 151ﬂ in a pipe with a length of 49.2 ft.
r

Strategy

To determine the heat transfer coefficients, we will use the equation for heat loss for a multilayer
cylinder.

Solution
The heat loss through a cylinder with different layers is defined by the following equation:

LT, L-T,
a >R R +R,+R;+R,

where:
T; = Temperature on the internal surface of the pipe
T, = Temperature on the external surface of the pipe
R; = Convective resistance inside the pipe
Ra = Conductive resistance through the steel pipe
Rp = Conductive resistance through the insulation layer
R, = Convective resistance outside the pipe

The resistance to heat transfer due to convection is defined as follows:

RCOHV = L
hA
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Principles of Steady-State Heat Transfer

where:
h = Convective heat transfer coefficient
A = Area of heat transfer

The resistance of a cylinder to heat conduction is calculated as follows:

where:
ot = Outer radius of the cylinder
1in = Inner radius of the cylinder
k = thermal conductivity of the material
Ajm = log mean area of the cylinder

We can enter the definitions of the resistances due to conduction and convection into the equation
for the heat loss to yield:

. T -T,
T I, =1, 1
+ + +
hiAi ksleelAA,lm kglass—fiberAB,lm hvo
In this equation:

. . ) L5 in )

r; = inner radius of the steel pipe = 5 = in
. . 1.9 in .

r; = outer radius of the steel pipe = = in
1, = outer radius of the insulated pipe = in

With these values we can calculate the log mean areas Aa i, and Apm and the inner and outer areas
of the insulated pipe. Thus,

A, =2mL=27(0.75 in)( Lft j( ft) = 2
12 in
) 1ft 2
A, =2narL =2mn( in) — |( ft) =24.48 ft
12 in
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Supplemental Material for Transport Process and Separation Process Principles

A, =2mr,L=2x( in)( lf,t j( fy=__ ft
12 in
_ 2 _ 2
A, = A —A, _ 24 .48 ft 2 ft —91.80 £
' A, 24.48 ft
In| — In 5
A, ft
_ 2 _ 2
A A, -A, _ ft* —24.48 ft _ 2

Bim T A ft>
In| —2 In >
A, 24 .48 ft

The temperature of the inner and outer surfaces of the pipe are given in °C and therefore, they must
be converted to °F:

T,(°F) = (400°Cx1.8) +32 = °F
T, (°F) = (43.4°Cx1.8)+32 = °F

Now we can substitute all the values into the heat loss equation and solve for the convective
coefficient h;:

-1
h:i ’Ti_To_ rl_rl _ I‘o_rl _ 1
1 A q k AA,lm k AB,lm hvo

i steel

glass—fiber

The thermal conductivity values can be obtained from Appendices A.3-15 and A.3-16 of
Geankoplis. However, since the values are given in the SI system they must be converted to the
English system. Hence,

k. =45 J 1 btu m \( 3600 s 1°C Y btu
’ m-s-°C J 1 ft 1hr °F ft-hr-°F

k lass—fiber i — J 1 btu ( mj(36oo Sj 1 C = 00317&
£ m-s-°C J 1ft 1 hr °F ft-hr-°F

The thermal conductivities of steel and glass-fiber were obtained at the highest temperature available
in Appendix A.3.
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Principles of Steady-State Heat Transfer

Now we can calculate the convective heat transfer coefficient h; as shown below:

( in—0.75 in)( LU j
m

1 _ °F—110.I°F
h; = 2 btu B btu
_— 7115 26— ()
hr ft-hr-°F
1f B
( in—0.95 in)[ ! ; J
_ in) 1
003172 ( ) _bw )
ft-hr-°F ft> - hr-°F
o K .0 .0 -1
hi:%[ LEE Y YT T L T _o.01622 F}
ft btu btu btu btu
b= btu
T ft>hr-°F

To calculate the overall heat transfer coefficient U we need to use the equation for the heat loss in

terms of U. Thus,
4=UA(T,-T,)
We can solve this equation for the coefficient U and substitute the corresponding values to get:

711520

U = q _ hr
i - 2
A(T -T,) ft? ( °F-110.1°F)
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Supplemental Material for Transport Process and Separation Process Principles
Example 4.3-4: Heat Generation in a Tubular Solid-Oxide Fuel Cell

A tubular solid-oxide fuel cell with an outer diameter of 2.2 cm and a length of 150 cm is operating

mA

. . W
- . Determine the heat generation rate in — if the voltage of the

cm m
fuel cell is 1 V. Assume that the thickness of the electrodes and electrolyte membrane are small
compared to the overall diameter of the fuel cell.

at a current density of 202.6

The following figure shows a tubular solid-oxide fuel cell:

Cathode interconnection

Electrolyte

Cathode

Air Flow Anode

Strategy

The heat generation rate of the fuel cell can be obtained from the power of the fuel cell, which
depends on the current and the voltage.

Solution
The heat generated by the fuel cell in terms of the power is given by the equation shown below:

P

9T IRL

The power of the fuel cell can be obtained by multiplying the current by the voltage of the fuel cell.
Hence,

P=1IV
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Principles of Steady-State Heat Transfer
Substituting this equation into the equation for the heat generation rate yields:

v
TR°L

The problem statement is not giving the value of the current. However, if we calculate the cross-
surface area of the fuel cell we can determine the value of the current in A:

I 1
2mRL

i=
A

surface

Solving for the current I and substituting the dimensions of the fuel cell into this equation, we get:

I=7DLi =7 cm)( cm)(ZOZﬁmAJ( LA j
cm” J\ 1000 mA

I= A

Entering this value into the heat generation equation we have:

) A(1V)
q =
. cm ) ( em) Im’
2 cm’
q=3.68x10 ES
m
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Example 4.5-1: Heating of Natural Gas- in Steam-Methane Reforming Process

Natural gas at a temperature of 310°C is flowing inside a steel pipe Schedule 80 with an inner
3

diameter of 1.5 in at a rate of 7.79x10~ ™ The natural gas is being heated by the product of the
S

. . . . W
reforming process at 850°C. The convective heat transfer coefficient of the reformate is 1025—; <
m .

Calculate the heat transfer rate in W through a pipe with a length of 7 m. The properties of natural
gas are given in the following table.

p | 7859%E
m
Co | 3087
kg-K
k| 0.0803Y_
m-K
5 kg
Mo | 1.942x107° —=
m-S

e | 2.009%107° <&

m-S

Strategy
The equation for heat transfer through a pipe will be used to determine the heat flux.
Solution

When heat is being transferred through a fluid, the heat flux is given by:
T T,
4 (T-T)
>R
where:

q =Heat transfer rate in W

T, = Temperature of the heating medium (reformate), °C or K
T, = Temperature of the fluid inside the pipe (natural gas), °C or K

. . °C K
z R = Sum of resistances to heat transfer through the pipe, W or W
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Principles of Steady-State Heat Transfer

In this problem, the sum of the resistances is given by the sum of two convective resistances (fluid
inside and outside the pipe) and the resistance to heat flow through the steel pipe. Thus,

1 I —L 1
D R= + +
hiAi ksteelAlm hvo
The parameters we need to calculate before being able to use the equation for heat transfer in terms
of the resistances are: Aj, Ajm, A, and h;. The heat transfer areas are calculated using the inner and
outer diameters of the pipe from Appendix A.S.

A, =7D,L=n(0.0381m)(7 m)= m’
A,=7mD,L=m( m)(7 m) = m’

_ 2 _ 2
A, =P TA o T —0.945 m?

Im — - 2
A, m

The following correlation can be used for calculating the heat transfer coefficient for an aspect ratio
(Iength/diameter) of the pipe greater than 60.

w

0.14
h, = 0.027%NR60-8NP% (ﬁj

where:

k = Thermal conductivity of the fluid inside the pipe, W
m

Nge = Reynolds number

Np; = Prandtl number

i, = Viscosity of the fluid in the pipe at the bulk temperature,ﬁ

m-S

. . . . . k
K, = Viscosity of the fluid in the pipe at the temperature of the inner wall, &

m-S

In this problem, L = 7—m = . Hence, we can use this correlation to calculate hy.
D 0.0381m

Daniel Lopez Gaxiola 16 Student View
Jason M. Keith



Supplemental Material for Transport Process and Separation Process Principles

The dimensionless quantities Nre and Np, are defined as follows:

D C
NRe = ﬂ NPr = pu
1 k
The velocity of the natural gas is obtained by dividing the volumetric flow rate by the cross-sectional
area of the pipe. Thus, after substituting the corresponding quantities into the equations for Reynolds

and Prandtl numbers, we have:

m
0.0381 m § 7.859§
D — |P

Re H kg
m-s

3087J( kgj
N _ S g-K m-s)

Pr k w

m-K

Now we can substitute the dimensionless numbers we just calculated and the properties of the fluid
into the equation for the heat transfer coefficient to yield:

0.14
0.0803WK N p ke
h =0027—m:-K ' 5 m-s
- 00381 m | ) ) kg
m-S
W
b, = m>-K

The convective heat transfer coefficient hy, was obtained using the properties of the fluid inside the
pipe. Therefore, the heat transfer coefficient hy is equal to the heat transfer coefficient h;.
Substituting the corresponding quantities into the equation for the heat transfer rate q. The thermal

conductivity was obtained from Appendix A.3.

(850°C—310°C)

4= 1 L 004826 m=00381m _ 1
\ > W > W >
m 45——(0.945 m m
) s Y osesm) (L w)
q= W|
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Principles of Steady-State Heat Transfer
Example 4.5-2: Trial-and-Error Solution for Heating of Steam

Steam at a temperature of 150°C is being heated before entering a steam-methane reforming unit to
produce hydrogen for fuel cells. The heating medium is the synthesis gas produced by the steam-
methane reforming unit at 850 °C. The convective heat transfer coefficient of the syngas is

EN . The steam is flowing in a 1.5-in schedule 40 steel pipe at a velocity of 2012

m”-K S
Determine the overall coefficient U; for a pipe with a length of 6.2 m.

950

Strategy

We can determine the convective heat transfer coefficient using the properties of steam at the
temperature of the inner wall of the pipe. This temperature will be determined by trial and error.

Solution

The overall heat transfer coefficient can be determined from the equation for the heat transfer rate
through the pipe:

) T -T
G=UA(T, ~T) ==&+

DR

The temperature difference T, - Tj can be eliminated from this equation to yield:

U = !

1

where:

1 L —T 1
D R= M W
h A, kA, hA,
The convective coefficient h; can be calculated using the following correlation.

0.14
h, = 0.027%NR60'8NH% (hj

w

The dimensionless quantities in this equation will be determined using the properties of steam at the
temperature of the inner wall of the pipe. For the first trial, this temperature will be assumed to be
about one-quarter the difference between the temperatures of the steam and the air. Thus,

_850°C-150°C

w,assumed

+150°C = °C

Daniel Lépez Gaxiola 18 Student View
Jason M. Keith



Supplemental Material for Transport Process and Separation Process Principles

From Table A.2-12 of Geankoplis we can get the properties of steam at a temperature of 148.9 °C,
which is relatively close to the bulk temperature of the steam inside the pipe (150°C).

p=___ H=p, =1488x10° <& N, =
m m-S
C —1909— k= W
P kg-K m-K

The other parameter required to use the correlation for calculating hy is the viscosity of steam at Ty,.
This can be obtained using linear interpolation from the data in Table A.2-12. Hence,

5 kg
o o -2.113x107° ==~
325°C-315.6°C Hw m-s

371.1°C-315.6°C k& 5 113x10- K8

m-S m-S

Solving for the viscosity L, we get:

0 - 325°C—-315.6°C ( K& 5 113x105 K8 j+ kg
371.1°C-315.6°C m-s m-s

kg

m-S

e =

With the properties of steam, we can now determine the Reynolds number as shown in the following
steps. The diameter of the pipe was obtained from Table A.5-1 of Geankoplis

. m( mj(o.szs k%j

H 1.488x10° <&
m-S

Substituting this value into the correlation for hy we get:

0.14
WK N p 1.488x10~ <&
h, =0.027 m: *(0.95)7 m:-S
- 0.04089 m ( ) (095) kg
m-S
W
hL: m2-K

Now we can proceed to calculate the sum of the resistances to heat transfer as follows:
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Principles of Steady-State Heat Transfer

I -t 1
D> R= +
hA kA, hA,

The heat transfer areas are calculated using the inner and outer diameters of the pipe from Appendix

AS.

A, =nD,L =7(0.04089 m) ( m)= m
A, =7D,L=m7(0.04826 m)( m)= m’
_ 2_ 2
A=A _ — T =0.866 m®

These values can be entered into the equation for the sum of resistances to yield:

TR= 1 , 0:04826m—0.04089 m 1
- - o -
—mz-K(— m’) 45ﬁ(0.866 m?) 950m2-K( m?)

ZR:—W

The thermal conductivity value of steel was obtained from Table A.3-16. To determine if the value
of Ty, we selected is correct, we need to solve for the temperature from the equation for the heat

resistance due to the steam in the pipe:

R,
T, =<5 (T-T)

>R

Solving for Ty and substituting the rest of the values into this equation, we have that:

w,calculated -

1
Tw,calculaled = Tb + W (To - Tb )
TW calculated = ISOOC + 1 (SSOOC - 150°C)
: W ( m? )( K j
m’*-K w
Tw,calculated = OC
20 Student View
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Supplemental Material for Transport Process and Separation Process Principles

It can be see that the Ty assumed do€s not match Ty, caiculated- Hence, we have to repeat the procedure for
determining the temperature of the inner wall. The T, value will affect the value of h;, since we have

to look for a new value of |, in Appendix A.3.

Selecting a higher Ty, for the second trial will yield a higher W, resulting in a lower heat transfer

coefficient hy, and a higher Z R . For the second trial, we will select:

Tw,assumed =800°C

Substituting the viscosity Ly into the equation for the heat transfer coefficient hy, yields:

0.14
W N [ 1488x10 X&
h, =0.027 m-K ( ) ( % -
0.04089 m 3.95)(10_5 g
m-s
'Y
b, = m’-K
For this value of h;, we will get the sum of the resistances as follows:
1 0.04826 m —0.04089 m 1
2R= W i W W
623——( m’) ——(0.866 m*) 950——(__ m’)
m”-K m-K m -K
SR-_ o
'Y

Solving for Ty and substituting the rest of the values into this equation, we have that:

1

)

1
w,calculated = Tb + (To _Tb) = ISOOC + (SSOOC _1500C)
hiA 2 R 62.3

T

w ,calculated =

°C

The only property that will change for the third trial is the viscosity W. By changing the temperature
again, the effect on the convective coefficient hy, will be negligible. Hence, we can use the calculated
Ty, value of °C.

Now we can substitute the values of ZR at Ty, = °C and the inner area of the pipe to

obtain the overall heat transfer coefficient U; as shown in the following steps:

1
U =
" ADR
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U, = ! <
E— )
W
U, =59.8 EN
m .
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Example 4.5-3: Heating of Ethanol in Reforming Process

A vapor mixture of ethanol and water is used in a reforming process to produce hydrogen for proton-
exchange membrane fuel cells. In a distributed-scale process, the ethanol mixture is flowing at a rate

of O.367k—gand is entering a 1" steel pipe Schedule 40 at a temperature of 210.4°C. Determine the
S

length of the pipe required if the vapor is exiting at 350°C and the inner wall of the pipe is at a

constant temperature of 270°C. The properties of the vapor mixture are summarized in the following

table.

W | 1.284%x10°Pa-s
P | 132X
o
Co| 2211
kg-K
k | 003631
m-K

Strategy
To determine the heat transfer area we can use the equation for heat flux through a fluid.
Solution

The heat flux when heat is being transferred by a fluid is given by:
q
Lo, (1,-1)

where Ty, is the temperature of the inner wall of the pipe, and T is the bulk temperature of the
ethanol and water mixture. Since the problem statement is giving the flow rate and properties of the
fluid, the heat transfer rate can be calculated with the equation for sensible heat:

q=mC, (T, —T,)

In this equation, Tj, and Ty are the temperatures of the ethanol/water mixture at the inlet and outlet
points, respectively.

Substituting this equation into the equation for heat flux, we get:

1'hcp (Tout - Tin )

Solving for the heat transfer area we have:
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A — me (TOLIt _’Tm)

To determine the heat convective heat transfer coefficient, the following correlation can be used for
a pie with constant wall temperature and if Np.>100 and L/D>60:

h, :%(5.0+0.025NP;’-8)

where:
Np. = Peclet number

We can calculate Peclet number by multiplying Reynolds number by Prandtl number and thus
determine if it is valid to use this correlation.

NPe = NReNPr
N, - Dvup
1)
211 Pa-s)
NPr = = W =
k 0.03631—"—
m-K

The velocity of the fluid is calculated by dividing the volumetric flow rate by the cross-sectional area
of the pipe. The diameter of the pipe is obtained from Appendix A.5 of Geankoplis.

l,i.l _
= = S

A 2" S
p cross 13.2 kg {TC( _ m) :|

|5

3
m

Entering this velocity value into the definition of Reynolds number yields:

m( mj(m.z k%j
Dvp S m
NRe = = kg =
H 1.284x107° ==
m-s
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Now we can determine the Peclet number to be given by:

N, = ( )

N,. =

()

Therefore, the correlation we selected is valid for this problem and the convective heat transfer
coefficient is found to be:

0.03631
h, = m-K5.0+0.025( )|
m
W
h= K

This value can be entered into the equation for the heat transfer area to yield:

kg J
| 0.367-2| 2211 °C—210.4°C
O i G )
h, (T, -T) W °C—210.4°C)
m”-K
A= m’

The area for heat transfer is given by:
A =7nDL

This equation can be solved for the length of the pipe L to give:
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Example 4.5-4: Heat-Transfer Area and Log Mean Temperature Difference

in a mid-scale ethanol-

An ethanol/water vapor mixture with a heat capacity of 2.23

kg-°C
reforming plant is heated from 210.4 °C to 350 °C. This mixture is flowing at a rate of
5.18x10° (i(_g . The vapor is being heated by air flowing at a rate of 2.752x10° (i(_g’ temperature of
ay ay

560.6 °C and a heat capacity of 1.166kk—J°C. What type of flow for this heat exchanger will you
g .
select between countercurrent and parallel flow if the overall heat transfer coefficient is

92.4 W

2‘°C

2.

m
Strategy

To determine which type of flow is more efficient for this process we need to determine the heat
transfer area for both types of flow.

Solution

The amount of heat gained by the ethanol mixture in terms of the overall heat transfer coefficient is
given by the equation shown below:

q=UAAT,
where AT, is the log mean temperature difference defined as:
AT = AT, — AT,

m = 7 a0\
il ATz
AT,

The q equation can be solved for the area A; to yield:

A=— 9

1

Since we know the inlet and outlet temperatures of the ethanol/water mixture we can calculate the
amount of heat gained as shown in the following steps:

q = methanolcp,ethanol (Tethanol,out - Tethanol,in )

4=5.18x10° <& [ 223 K1 °C— oc)| 19y
day kg-°C
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q= kW

To determine the log mean temperature difference required to calculate the heat transfer area we
need to obtain the temperature of the air leaving the heat exchanger. We know that the amount of
heat gained by the ethanol mixture is being lost by the heating air. Thus, the temperature can be
determined as follows:

q=m,C, . (T

air ~p,air air,in air,out )

kW

2.752><106kg(1.166kkJ j( 1 day j

day g-°C

= — = OC—

air,out

= °C

air,out

Now that we know the inlet and outlet temperatures of both the air and the ethanol mixture, we can
calculate the log mean temperature difference. Hence,

AT, = %

| AL

AT,
where:

A’Tl,coumercurrem = Tair,in - Tethanol,out = 00 OC - °C
A’I‘l,coumercurrem [ OC
AFFZ,counlercurrenl = Tair,out - Tethanol,in = OC - °C
AT = OC

2,countercurrent

Substituting the values of AT; into the definition of the log mean temperature difference we get:

°C- °C
A’Tlm,coumercurrem = )
C
In| ———
A’Tlm,coumercurrem [ — OC
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For countercurrent flow, we can find the heat transfer area to be given by:

1 kW

i,countercurrent W i,countercurrent

92.4 °C
m2 'OC (7— )

kW(looo wj

= m

To determine the heat transfer area for parallel flow, we can use Figure 4.5-3 of Geankoplis to
calculate the log mean temperature difference for parallel flow, which will be given by:

[ 53)
where:
AT, i = Tiiroue ™ Tettanot.onr = °C— °C
AT, e = °oC
AT, pacatiel = Taiein ~ Tethanotin = °C— °C
AT, o = °oC
AT, e = S C_ oC

Im,parallel — ( ocj
In| ————
°C

Substituting the log mean temperature difference into the equation for A; paraiiel We have:

()
Ai,parallel = W
924 °C
)
Ai,parallel [ — m2
Conclusion:
Daniel Lépez Gaxiola 28 Student View

Jason M. Keith




Supplemental Material for Transport Process and Separation Process Principles

Example 4.6-3: Heating of Steam by a Bank of Tubes in High-Temperature
Electrolysis

High-temperature electrolysis is a process for producing hydrogen from water for use in fuel cells.
Before entering the electrolysis stack, steam at a pressure of 50 bar is being heated from 650°C to
850°C by a bank of 1" (nominal diameter) commercial steel tubes containing 12 rows normal to the
flow and 7 staggered rows in the direction of flow. The length f the tubes is 0.4 m.

The heating medium circulating in the tubes is helium coming from a nuclear source and the outer
surface of the tubes is at a temperature of 1000°C. Determine the heat-transfer rate to the steam if the

velocity of steam is 1672
S

A diagram of this heating process is shown below:

$,=0.0418 m

Helium from nuclear
source flowing inside the
tubes

Strategy

To solve this problem we need to calculate the amount of heat transferred by convection. The heat
transfer area will depend on the number of tubes.

Solution

The amount of heat gained by the steam can be calculated with the following equation:
q=hA(T, -T,)
The bulk temperature of steam Ty is obtained taking the average of the inlet and outlet temperatures:

T :850 C+650°C _

b 2 OC

The temperature of the outer surface of the tube is constant and equal to 1000°C.
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To calculate the amount of heat transferred, we need to obtain the heat transfer area of the tubes. The
area of a single tube is calculated as follows:

A DL

tube —

Substituting the diameter from Appendix A.5 of Geankoplis and the length of 0.4 m into this
equation, we can determine the area of a single tube to be:

abe =78 m)( m)

A = m’

tube

Since there are 7 columns and 12 rows of tubes, this area must be multiplied by the total number of
tubes in the bank. Thus,

A=n 0 A =(7)12)(_____ m’)

rows " columns
2
A= m

Now we need to determine the heat transfer coefficient of steam using the correlation for flow past a
bank of tubes, shown in Section 4.6 of Geankoplis.

E CNRem NPrl/3

calculated = D

h

In this equation, the parameters C and m will depend on the ratio of the distance between the tubes
and their outer diameter. For this electrolysis process, the ratio is given by:

=:m=1251
D D m

Using Table 4.6-2 of Geankoplis, we can find the values of C and m for staggered tubes to be:
C=
m-=

The dimensionless parameters Ng. and Np, are calculated from the properties of steam at the film
temperature, obtained as follows:

T, +T, °C+750°C
'Tf = =
2 2
T, = °C
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The properties of steam were obtained from Table 2-305 of Perry's Chemical Engineers' Handbook,
8th Edition and are shown below:

1(20.1203i
m-K
J
C =24413——
P kg-K

1=434x10" Pa-s

kg

3
m

p=9.508

Substituting these properties into the definition of Prandtl number we get:

( Pa-s)

The maximum velocity required to calculate Reynolds number is obtained using the outer diameter
of the pipes and the distance between the pipes normal to the direction of flow as shown in the
following equation:

We can enter the velocity of steam, the diameter and the distance between the pipes into this
equation to yield:

mla

Now the Reynolds number can be determined as shown in the next steps:

NRe — DDmaxp
1)
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m( mj(9.508kg3j
N, = S m

¢ 4.34x107 Pa-s

Substituting the dimensionless parameters we calculated and the corresponding values into the
equation for heyicylated, We have:

k
hcalculaled = B CNRem NPrl/3

0.1203l

hcalculated = = Km ( ) ( )0'556 (—)1/3

W
calculated 2
m”-K

The value of the heat transfer coefficient that has to be entered into the equation for the heat transfer
rate has to be multiplied by a factor that depends on the amount of rows in the direction of flow.

For 7 rows and staggered tubes we can find this factor in Table 4.6-3 of Geankoplis to be
Thus, the actual value of the heat transferred coefficient will be given by:

W
h = hcalculated = ( mz . Kj

w

h=
m?-K

Entering this value into the equation for q, we get:

) N 2
= m~ )(1000°C—-750°C
q — )( )
q= W]
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Example 4.7-3: Natural Convection in Bipolar Plate Vertical Channel

Hydrogen at standard pressure is flowing by natural convection in the bipolar plate channels of a fuel
cell. These channels have a length of 24.94 cm and a thickness and height of 1 mm. Determine the
heat transfer rate across the channel if the temperature of the walls is constant and equal to 82 °C.
The surface of the gas diffusion layer adjacent to the channel is at a temperature of 85.17 °C. A
schematic of the bipolar plate channels is shown in the following figure.

Strategy

The heat transfer rate by convection can be calculated by using correlations that involve
dimensionless groups.

Solution

When heat is being transfer by convection, the heat transfer rate qis given by:
q=hA (T1 - T, )
The heat transfer area can be calculated from the dimensions of the channel as shown below:

A= 2L(t+H) = 2(0.2494 m)(0.00l m+0.001 m)
A= m’

To determine the heat transfer coefficient, we can use the definition of Nusselt number:

hH
M T

where H is the height of the channel.

However, since the Nusselt number is not given, we need to use another correlation in terms of
dimensionless groups. In section 4.7 of Geankoplis, multiple correlations are shown as function of
the Grashof and Prandtl numbers. We need to select the adequate correlation depending on the value
yielded by the product of these dimensionless groups defined as follows:

H® T-T
N, = pr(zl 2)

v
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In this equation:

H = height of the bipolar plate channel, m

p = density of hydrogen, k—%
m
. . m
g = acceleration due to gravity = 9.80665—

. - . |
B = volumetric coefficient of expansion of hydrogen = — , K
f

W = viscosity of hydrogen, ke

m-S

We can find the properties of hydrogen in Appendix A.3 of Geankoplis at the film temperature given
by:

T+T, °C+ °C
2 2

T =

T = °C= K

The properties of hydrogen at this temperature (shown below) can be substituted into the equation
for Grashof number to get:

kg

3
m

p=0.068

1=9.92x10° <&

m-sS
1 31
B=———=280x10"K
356.74 K
(0.001 m)’ (o.%sl;%j( ?j( K)( °C - °C)
NGr = k 2
(9.92><10—6 gj
m-S
NGr =
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In Appendix A.3 we can also find the value of Prandtl number for hydrogen to be:
NPr =
The product of Grashof and Prandtl numbers can now be obtained as follows:

NPr NGr = ( ) =

Looking at the correlations in Section 4.7 of Geankoplis, we find that the Nusselt number
corresponding to this value of N, N is 1. Thus, we can solve for the heat transfer coefficient from

the definition of Nusselt number to yield:

Now we can enter the corresponding quantities into the equation for the heat transfer rate to obtain:

: N 2
= °C- °C
4 — | m’)( )
q= W]
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Example 4.8-2: Condensation in Bipolar Plate Channels in Fuel Cells

The reaction occurring in a proton-exchange membrane fuel cell is producing water at a rate of
7.65x107 % through each channel on the bipolar plate in the cathode side. This amount of water is
produced as steam at a temperature of 77°C. Determine if the water is condensing in a single channel

if the partial pressure of water is 37.91 kPa. The dimensions of the channel are shown in the
following figure:

L =249.4 mm
H=1mm I

—
t=1mm

The Nusselt number for a square tube with constant temperature at the boundaries is 2.98. Frano
Barbir in Section 6.5.2 of the book PEM Fuel Cells - Theory and Practice published by Prentice
Hall estimates the average temperature in the bipolar plate channels to be 64.1°C.

Strategy

In this problem, condensation will occur if the amount of heat removed by convection is higher than
the latent heat of condensation of steam.

Solution

The amount of heat lost by the steam can be calculated from the equation for convective heat
transfer as shown below:

(oony = DAAT

where the change in temperature AT is given by:
AT=T-T,

in this equation:

T = Temperature of steam

Ty, = Temperature of the walls of the square channel
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The convective heat transfer coefficient is obtained from the definition of Nusselt number:

hL
Mt
Solving for the convective heat transfer coefficient h and substituting the values of the length L and
the thermal conductivity of steam we get:

W
—(2.98
h:kNNu: mK( )

L m

\%%
m?-K

h=

The thermal conductivity value used in this equation was obtained from Table 2-305 of Perry's
Chemical Engineers' Handbook, 8th Edition.

Substituting this value and the heat transfer area into the equation for q_,, yields:

A=4( m)( m)= m’

. W . .
Qeony = —— m?)(77°C~64.1°C)
qconv = W

To determine if the steam is condensing in the fuel cell, we need to compare this amount of heat to
the latent heat of vaporization, defined as follows:

qvap = 1’hhfg
The heat of vaporization hg, can be obtained from Table A.2-9 of Geankoplis. When condensation is
occurring, the saturated vapor pressure is equal to the partial pressure. Hence, we will look for the

enthalpy of vaporization at a pressure of 37.91 kPa and substitute into the equation for q,,, .

Qe —7.65x10° K& J_ 1
s kg kg
qvap i W
Conclusion:
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Example 4.9-1: Temperature Correction Factor for a Heat Exchanger

The synthesis gas produced in a steam-methane reforming process for hydrogen production is being
cooled in a heat exchanger before entering the water-gas shift reaction chamber at 846°C to 600°C.
The cooling medium is air entering a heat exchanger at 255.3°C and leaving at 381.3°C. The syngas

is flowing at a rate of 1322% and has a heat capacity of 2584&. The air flow is being
r g

distributed through 100 commercial steel pipes with a nominal diameter of 1" Schedule number 40

and a length of 1.2 m. Calculate the mean temperature difference in the exchanger and the overall

heat transfer coefficent U, for the 4 heat exchanger configurations shown in Section 4.9B of

Geankoplis.
Strategy

The heat transfer rate can be obtained using the definition of sensible heat. This can be used to
determine the overall heat transfer coefficient U,. The mean temperature difference will depend on
the type heat exchanger selected.

Solution

The heat transfer coefficient can be obtained from the equation shown below:
q=U,A AT,

Solving for U,, we get:

U =

where:
A, = total outer surface area of the pipes distributing the air flow, m>

ATy, = mean temperature difference = E.AT,_, K or °C

Im

The mean temperature difference can be obtained by multiplying a factor Fy depending on the heat
exchanger type by the log mean temperature difference, defined as:

AT _ (Thi _Tco)_(Tho _Tci)

Im T _T
ln( hi CO)
(Tho _Tci)

where:

Ty; = temperature of the synthesis gas entering the heat exchanger, K or °C
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Tho = temperature of the synthesis gas exiting the heat exchanger, K or °C
T.; = temperature of the air entering the heat exchanger, K or °C
T., = temperature of the air exiting the heat exchanger, K or °C

The amount of heat removed from the synthesis gas can be calculated as follows:
q= me (Thi _Tho)

Substituting the syngas flow rate, specific heat and the inlet and outlet temperatures yields:

q=1322k—g( L br j 1\ °C— °C)
hr { 3600 s kg K

4= W

We can now determine the log mean temperature difference as shown in the following steps:

oC— °C)— oC — oC
ar )~ )
( °C- °C)
In
(_c—__*)
AT, = °C

Im

To calculate the heat transfer area of the tubes, we need to look for the outer diameter of 1"
commercial steel pipes in Appendix A.5 of Geankoplis. Hence, the area can be determined as shown
below:

A, =7DLn =7( m)( m)( )= m’

In this equation, n is the number of tubes.

Now we will proceed to calculate the mean temperature difference for the 4 different types of heat
exchanger. For all heat exchanger configurations we need to calculate the parameters Y and Z,
defined as:

Yo T, -T, °C—-255.3°C 7 T,-T, 846°C— °C
T.-T, °C-255.3°C T, -T, °C-255.3°C
Y = Z=
Daniel Lopez Gaxiola 39 Student View

Jason M. Keith



Principles of Steady-State Heat Transfer

For these values of Y and Z, we find the factors Fr in Figures 4.9-4 and 4.9-5 and use them to
determine the mean temperature differences and overall heat transfer coefficients, given by:

1-2 exchanger

m’ (391.68 K)

Fr=
AT =FAT, =
AT =391.68K
= q =
¢ A AT
U, = W
m--K

Fr=_
AT, =F.AT,_ =
AT, = K
= q =
° AT,
U, = w
m--K

Daniel Lépez Gaxiola
Jason M. Keith

2-4 exchanger

Fr=__
A’Tm = l::TA’Tlm = ( K)
AT, = K
_.a W
° AAT,  12.59m’( K)
v=__
m” - K

Cross-flow exchanger with fluids unmixed

Fr=_
A’I‘m = l:“TA’I‘lm = ( K)
AT = K
_ 9 _ W
° AT, m’ ( K)
U, =47.10 ?V
m .
Student View
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Example 4.9-2: Temperature Correction Factor for a Heat Exchanger

Synthesis gas is being produced in a steam-methane reforming process at a rate of 1322% and a
r
temperature of 846°C. This gas is to be cooled to a temperature of 473.86°C before entering a water-

gas shift reactor to produce additional hydrogen for fuel cells. The cooling medium is air entering at

255.3°C, a flow rate of 6307% and a heat capacity of 1058&. The overall heat transfer
r g-

coefficient is 90

-—for a heat transfer area of 8.92 m?. Determine the type of flow at which the

m”-K
heat exchanger is operating and the heat transfer rate if the effectiveness is 0.45. The composition of
the syngas is shown in the following table:

wt. %
CO 20.61
H, 7.18
H,O | 72.21

Strategy

The charts showing the effectiveness of heat exchangers operating at countercurrent flow and
parallel flow can be used to determine the type of operation.

Solution

The heat transfer rate in a heat exchanger can be calculated as a function of the effectiveness € as
shown in the following equation:

q = ECmm (THi - TCi)

To determine the value of C,;,, we need to calculate the values of Cy and Cc. These parameters
depend on the flow rate and the heat capacities of the fluids in the heat exchanger. Thus,

CH = msyngascp,syngas

CC = I‘haircp,air
We can see that the heat capacity of syngas is not given in the problem statement. However, we can
use Figure A.3-3 of Geankoplis to determine the heat capacity of each individual component. The
heat capacity of the syngas can then be determined by multiplying the mass fraction of each
component by its corresponding heat capacity at the film temperature given by:
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T, +T,, 846°C+473.86°C
2 2

Tf

T = °C

Thus, at this temperature value:

J
J
C,n, =14853.2——
T2 kg-K
J

With these individual heat capacities we can determine the heat capacity of syngas as follows:

Cp,syngas = XCOCp,CO + XHZCp,Hz + XHZOCp,HZO

C. e =0.2061 7L + 1148532 ! +0.7221 I
P kg-K ke K

C, yngas = — e K

Now we can substitute the heat capacities and flow rates of air and syngas to obtain Cy and Cc.
Thus,

C, =1 322@(&) T
hr \ 3600 s kg-K
Y
CH = 7?
C. =6307§( L hr j i
hr { 3600 s kg-K
'Y
CC = E
Daniel Lépez Gaxiola 42 Student View

Jason M. Keith



Supplemental Material for Transport Process and Separation Process Principles

We can see from the values of Cc and Cy that the smaller of these values is Cy, thus Cpin = Ch.
Substituting this value into the equation for the heat transfer rate, we get:

4= ( %}(846°C—_°C)

q= kW |

Figure 4.9-7 of Geankoplis is showing the effectiveness of a heat exchanger operating at both

. . . C..
countercurrent flow and parallel flow as function of the number of transfer units and the ratio —*-.
If we calculate these two values, we can look in this Figure which type of heat exchanger will yield a
value of €= . Thus,

w
min_ __ K —
- = W =0.59
K
i >
ey UA 9Om2‘K(8.92m )
- Cmin - W
K
NTU =
Conclusion:
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Example 4.11-1: Radiation in Cylindrical Solid - Oxide Fuel Cell

The following figure is a schematic of a cylindrical solid-oxide fuel cell. Jiang et al. [1] developed a
thermoelectrical model to estimate the temperature at different parts of this type of fuel cell. The
temperatures are estimated to be 1125 K for the air tube and 1200 K for the solid part (membrane
electrode assembly). Determine the heat flux due to radiation.

Xue et al. [2] estimated the average emissivity of the membrane electrode assembly to be 0.33. The
air is being fed to the system through a commercial steel pipe.

Interconnect Fuel

Air Feed Fuel electrode

Electrolyte membrane

Air electrode

Strategy

The heat transferred due to radiation can be estimated using the radiation equation for gray bodies
given in Section 4.11 of Geankoplis.

Solution

The following equation is the definition of heat flux due to radiation:

1
q"=o(T'-T,")
Jot e

where:
2

) .. W
q" = Heat flux due to radiation, —
m

1. Jiang, W., Fang, R., Dougal, R. A, Khan, J. A., Journal of Energy Resources Technology, 130, 2008.

2. Xue, X., Tang, J., Sammes, N., Du, Y., Journal of Power Sources, 142, 211 —222 (2005)
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W
m?-K*

6 = Stefan — Boltzmann constant = 5.676x10™®

T; = Temperature of surface i, K
€ = Emissivity of surface i, K

We can substitute the given quantities into the equation for heat flux to solve this problem. Hence,

W

q"= W[( K)' - 1125K]/ / —

=

The emissivity of steel was obtained from Table 5 —4 of Perry's Chemical Engineers' Handbook, 8th
Edition.
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4.15-1 Cooling Channels in Fuel Cell Bipolar Plates

The following figures show the top and isometric views of a fuel cell bipolar plate with 10 cooling

channels through which air is circulating with a heat transfer coefficient of 400 ZVK and a
m .

temperature of 10°C. The outer walls of the bipolar plates are held at a temperature of 60°C.
Determine the steady — state heat loss in one bipolar plate using finite difference numerical methods,
with grids 1 mm x 1 mm. The bipolar plates are made of 304 stainless steel.

8 mm 8 mm

0 O O O O O o O O

108 mm
2 mm X 2 mm

channels

Strategy

To determine the amount of heat removed we need to determine the temperatures at the different
nodes, using the Equations in Section 4.15B of Geankoplis.

Solution

Since the area surrounding the channel is symmetrical, we can calculate it for one channel and
multiply it by the number of times this area is repeated in the whole bipolar plate. If we zoom into
the first channel from the left edge of the bipolar plate:

s w

T———  h=400 >
m”-K

T, =10°C

o

The shaded areas in this figure indicate the sets of nodes that will be repeated along the bipolar plate.

Set of Nodes at the Edges of the Bipolar Plate

We will start by using the finite difference method on the edges of the bipolar plate. For a grid of 1

mm by 1 mm, the following nodes will be used:
Ty Ty Tys Ty Tis Tie Tig Tig Tio Tigo

T21 T22 T23 T24 T25 T26 T27 T28 T29 T210

T31 T32 T33 T34 T35 T36 T37 T38 T39 T310

Ty Tap Tas Tals Tuls Tals Tz Tals Tio
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The outer nodes are kept at a temperature of 60°C. Thus:

Tii=Tip=Tiz=Tia=Tis5=Tig=Ti7=Tig=Ti19=Ti110=T21=T3,=T4 =_____°C

For the first calculation, we will assume the following temperature values (in °C) for the rest of the

nodes:

T
Ta
T3
Ty

60
60
60

60

T2 Tiz Tia Tis Tie Tiz
Top Toz Toa Tas Tog Taj
Tsp Ts3 Tsa Tss Tie Taz
Tsp Taz Taa Tas Tae Taz

60 60 60 60 60 60
55 55 55 55 55 55
50 50 50 50 50 50

45 40 35 30 25 20

Tig
Tag
Tz
Tag

60
55
50

15

Ti9 Ti0
Tao Ta 10
Ts9 T30
Tao

60 60
55 35
50 10

10

We can obtain the first temperature estimation for the interior nodes using Equation 4.15-11 from

Geankoplis:

qn,m = Tn—l,m + T

+T +T

n+l,m n,m—1 nm+l

4T

n,m

Tnf 1,m

Tn,m -1

) Tn,m +1

This equation is applicable to the nodes highlighted below. Tosim

Tii Tip Tiz Tig Tis Tie Tiz Tig Tio Trao
Taog Ta9(T510

T38| T390 T3.10

Tag Tao

Ta1
T3
Ty

Tap Tosz Tas Tas Toe Tog

Tsp Tsz Tza Tzs Tze T3z

Tap Taz Tas Tas Tag Taz

To start the calculations, we will select node T,,. We can apply this equation to get:

qp = T1,2 +__+ T2,1 +__ - 4T2,2

qy, = +50+ +55-4(___ )=
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Since the heat g, is not equal to zero, the value of T,, we assumed is not the temperature at steady
state. Setting the value of g, to zero we calculate a new value of T, as shown below:

’BJZLJ+___ZEJ+___
T, = C+50°C+ C+ C_ oC

4
This new value of T, will be used to calculate the temperatures at other nodes. Thus, for gy 3:

Qos=__ +T,+_ +T,, - =60+50+ +55— =

Setting q3» = 0 and solving for T;, yields:

_ 60+50+ +55

T2,3 4

= °C

We can repeat the same procedure for all the interior nodes. The first iteration will yield the
following temperature values:

60 60 60 60 60 60 60 60 60 60

60 55

60 50 10

60 45 40 35 30 25 20 15 10

Note that we have not done any calculations for the edge nodes. This is because we need additional
equations for these nodes, described in the following sections.

Section 4.15B-3 of Geankoplis and Section 4.5-3 of Incropera and DeWitt [3] gives the following
equations for different boundary conditions.

For nodes T5.10, Tan, Ta3, Taa, Tas, Tas, Taz, and Tag, an equation with an adiabatic boundary is
needed [3].

3. Incropera, F. P., DeWitt, D. P., Fundamentals of Heat and Mass Transfer, Fourth Edition, John Wiley & Sons, New
York (1996).
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This equation is applied for nodes with heat conduction from three adjacent nodes with an adjoining
adiabat, as shown in the following figures:

] Tn —-1,m
qn,m = 2‘T‘n,m—l + Tn—l,m + Tn+l,m - 4Tn,m Tn,m7 ! [ Tn’m
X Tn +1,m
Adiabat—»!
Tn —1.m
qn,m = 2 74_ Tn,m—l + Tn,m+1 - 4 —_—
N Adiabat

Tn,m— 1 Tn,m Tn,m +1

Setting qn.m = 0 in these equations, the temperatures are given by:

Tn —1,m
l_
T — 2’Tn,m—l + + Tn+1,m Tn’m - |_ Tn,m
nm — X Tn + 1,m
T Adiabat—!
Tn —1,m
2 74_ Tn,m—l + Tn,m+1
Tom = I Adiabat

- Tn,mf 1 Tn,m Tn,m +1

Applying this equation to node T4, (with g4, = 0), we have:

2 +T,, + 2( °C)+60°C+40°C _

T,,= =

°C

In a similar way, we can find the first estimate of the temperatures at rest of the nodes that follow
this equation, highlighted in the grid below:

Tip Tip Tig Tia Tis Tie Tiz Tig Tio Tigo
Toyr Top Toz Toy Tos Toe Tay Tag Tao|Taio
Ts1 Tzp Tsz Tsa Tzs Tze T3z Tsg Tz Tspo
Tan |Taz Taz Tas Tas Tag Taz Tag [Tao
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60 60 60 60 60 60 60 60 60 60

60
60 50 10
60 10

To finish the first temperature estimation, we need to determine 3 more nodes: T3, T3 10 and Tao. In
nodes T4 9 and Tj j0, heat transfer is occurring at an insulated boundary with convection from internal
flow and conduction from the two adjacent nodes. The following equation (at steady state) can be
used for this case, also given in page 191 of Incropera [3]. The thermal conductivity of stainless steel
304 was obtained from Appendix A.3 of Geankoplis.

hA :"—Adiabat
Tn,m—l +Tn—1,m +(kij°° Tn— 1,m
T’ - Tnm—ll_Tmm

T )

Substituting the corresponding temperatures into this equation yields:

W

°C+45°C+ m (10°C)
T, o+ +(MXij W

' k m:- K [o)

T, = hAX = W =______°C
(z+ j 400 m)
k 24+ m -K
m-K
Now for T4 we have:
400 EN ( m
313°C+____°C+|—m K (10°C)
hAx
T,o+To+| —T, AN

' ' k m:- K le)

T,= A = W =_____°C
2428 400 ( m)
k 2. K
24—
W
m-K
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For node T3, we can use Equation 4.15-19 of Geankoplis, which corresponds to an interior corner
with convection at the boundary:

Tn —1.m
l (Tn+1,m + Tn,m+1 ) + Tn,m—l + Tn—l,m + (hAX Too j
T = 2 k Tom-1 Eﬂm Tn,m+1
e hAx
(34104] T 15
Tn +1,m
;(T49 +_ )+Ty +7+(hiXij
T = hAx
)
k
| 400 m)
5 °C+ °C)+40.56°C +55°C +| — MK (10°C)
T3’9 _ W m * K
400 —; (7 m)
3+ m K
W
m-K
T,,=_____°C

The following grid shows the temperatures obtained after the first iteration. The highlighted
temperatures are the values we just calculated.

60 60 60 60 60 60 60 60 60 60

60

60

60

After completing the first calculation across the grid, we can start a new approximation using the
new temperature values. Hence, starting with gy, and T, ,, we have:

qp = T1,2 + T3,2 + T2,1 + T2,3 - 4T2,2

0y, = 60+52.81+60+ —4( )=
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Setting the value of q, to zero we calculate a new value of T, as follows:

60+ +60+ o
T, = 2 = °C

The same procedure used for the first approximation is repeated until the assumed and new
temperatures are similar. In this case we will select a tolerance of 0.01.

This numerical problem can also be solved using computer software such as Excel or Matlab. The
final temperature values in the set of nodes for the edges of the bipolar plate are shown below:

60 60 60 60 60 60 60 60 60
60 __ 5998 59.88 59.55

60 59.93 59.65 58.88
60 59.98 59.86 5930

To calculate the total heat lost by the bipolar plate we use Fourier’s Law of Heat Conduction for the
interior and exterior nodes.

q=kA2T ka2 Sk (aT)
Ax Ax
This amount must be multiplied by 4, since this set of nodes is repeated 4 times in the fuel cell

bipolar plate (4 external corners), as shown in the shaded areas below:

ﬁ] o o o o o o o O
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The total heat conducted is the sum of the heat equations applied for all the interior temperature
differences. The following figure illustrates the nodes used for the heat loss calculation. The nodes
adjacent to the shaded squares were used for determining Qinterior, With a direction for heat flow
indicated by the arrows. The heat flux for nodes with an adjoining adiabat has to be multiplied by

1
) because of symmetry.

«—Symmetry adiabat
Toe Moo {Toso
Tsg
Ts9 T30
T Tsg Tso
Symmetry adiabat
Hence, for the interior nodes we have:
qinterior,corner = 4kL I:OS (T3,10 - T2,10 ) + 05 (T4,9 - T4,8 ) + ( - ) + ( -
W
Qi terior.comer =4(16.3—j( m)[O.S( —59.50)+O.5(58.78— )
’ m-K
+( ~59.55)+(59.02- )]°C
= W

qinterior,comer

To determine Qexterior, W€ substituted the temperature differences in the nodes adjacent to the shaded
squares in the following figure. The direction of heat flow is indicated by the arrows , with a The

heat flux for nodes with an adjoining adiabat has to be multiplied by > because of symmetry.

T>3

To4

T>s

I26

To7 [Tas [Tao

T

22
T3, Py
T4’1 = l‘4 2

T

Symmetry adiabat
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Principles of Steady-State Heat Transfer

Applying Fourier’s law to the exterior nodes, the heat transfer rate will be given by:

Qunerorcomer =4KL[ 0.5(___ =T, ,))+0.5(T,, - )+( )+ Ty——)
=T )+ (T~ )+ -Ti5)+ ( )+(T T.5)
+(T2,2 _T1,2)+ (Tz,z _T2,1)+ (T3,2 _T3,1 )]

Qerterioncomer = 4(16.3%)(_@[0.5(_— 60)+0.5(____ —60)+(___ —60)

+(_ -60)+(___ —-60)+(___ —-60)+(__ -60)+(___ —60)
+( —60)+( —60)+( —60) +( —-60) |°C

= W

qexlerior,corner

Finding the same value as Qinterior, comer proves that this system is at steady — state. The heat transfer
rate for this set of nodes will be obtained from the average between the heat transfer for the interior
and exterior nodes.

= W

qcorners
Set of nodes between cooling channels

We need to establish a different nodal network for the spaces between cooling channels. The set of
nodes for a 1 mm x 1 mm grid is shown below:

Tl 11 T 12 Tl 13 T1 14 Tl 15 TI,16

T2.ll T212 T213 T2 14 T 15 T .16

T"ﬁll T"HZ T"ﬂl? T 14 T?lS T?.lﬁ

T412 T413 T4 14 T4.15 T4.16

The same equations used for calculating the temperatures at the exterior corners of the bipolar plates
will be used again for this set of nodes. The only exception is for node T4 6, Wwhich represents the
case for heat conduction with two adjoining adiabats. Thus, for this node (setting qa4,;6 = 0) we have:

Tn,m—l + Tn—l,m !
T .= — 5 T 1. i
iabats
+T Tn’mfll_Tm——-A/
T, 6= 2
’ 2
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Following the same procedure described for the first set of nodes in this problem (for exterior
corners), or using computer software, we can find the temperatures for the interior nodes to be:

Tia1 Traz Tias Tiaa Tras Tiae 60 60 60 60 60 60
Toa1 Ta12 Toas Toaa Taas Tae 59.49 59.78
Ts11 Ts12 T35 T34 T35 T316 5899 5971

Ta12 Tays Tanra Tays Tae 5926 5971

Now we can proceed to calculate the heat transfer rate using Fourier’s law for the temperature
difference at the interior and exterior nodes. If we look at the top view of the bipolar plates, we can
see that this set of nodes is repeated 4 times in the space between two channels as illustrated below.

Since there are 10 channels, there will be 9 spaces between the cooling channels (see figure below).
Therefore the heat transfer rate in a single set of nodes must be multiplied by 36 to obtain the heat
transfer in the whole bipolar plate.

In a similar way as we did for the set of nodes for the corners of the bipolar plate, we can determine
the heat flow for the set of nodes including the spaces between cooling channels. Thus,

Qinterior,middle — 36kL [0-5 (T3,11 - T2,11 ) + 0-5( - )+( - ) + (T3,12 - T3,13 )}
W
Qinterionmiddie = 36(16.3—) (— m)[05(_____-59.49)+0.5( —59.26)
’ m-K
+(58.99— )+(58.99— )]°C
w

qinlerior,middle =

Similarly for exterior nodes, we have:
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W
qexterior,middle = 36(163—j (— m) ':05 (—_ —) + 05 (—_ —) + (T2,12 - T1,12 )
m-K
+(—_—)+(T2,14_T1,14)+( - )+( - )
- )]
W
Qeerionmiddie = 36(16.3—Kj(0.15 m)[ 0.5(59.49-60)+0.5( ~59.71)+( ~60)
m.
+( -60)+(59.78—60) +( —60)+( - )
+(59.71- )]°C
qexterior,middle = W

Taklng the average Of qinterior,middle and qexterior,middle we get:

W- w
9 migdie = >

Quuigge = —— W

To obtain the overall heat transfer in the bipolar plate we need to add q_,,... and q,4.

q= w-— W
q= W
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