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ABSTRACT

A ceramic monolith heat exchanger is studied to find the performance of heat transfer and pressure drop by
numerical computation and &-NTU method. The numerical computation was performed throughout the domain
including fluid region in exhaust gas side rectangular ducts, ceramic core and fluid region in air side rectangular duct
with the air and exhaust in cross flow direction. In addition, the heat exchanger was also analyzed to estimate the
performance by conventional £-NTU method with several Nusselt number correlations from literature for flow in
rectangular duct. By comparisons of both performances by the numerical computation and the £-NTU method, the
effectiveness by &-NTU method was closest to the result by the numerical computation within the relative of 2.14%
when Stephan’s Nusselt number correlation was adopted to the £-NTU method among the several correlations.

Keywords: Ceramic Recuperator, Cross flow, Effectiveness, HRU, Conjugate heat transfer,
Pressure drop

INTRODUCTION

Demand of world energy consumption is steadily growing due to development of industries and
increase of population. However, fossil fuels most available at this time will be exhausted in near future.
Moreover, the fossil fuels cause environmental pollution and global warming. Therefore, fuel cell systems
become interested in energy market for alternative energy sources.

SOFC- solid oxide fuel cell of various fuel cell types has more than 60% of electric conversion
efficiency, but produces high exhaust gas temperature of 600~1000C. Therefore, a recuperator is need to
recover the high temperature heat. Accordingly, heat resistance material is necessary for the high
temperature heat exchanger. The recovered heat may be used to generate electricity utilizing a gas turbine
as SOFC/GT hybrid power generating system as shown Fig. 1. Recently, a hybrid recuperator is interested
for the power system. The hybrid recuperator consists of 3 pass recuperator, the first one is ceramic heat
exchanger of which working temperature is from 600 C to 1,000 C, and the second and the third ones are
metallic heat exchanger of which working temperature is under 600 C as shown in Fig. 2. For reference,
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working temperatures of most conventional heat exchangers are generally less than 150C.

In this study, the ceramic heat exchanger of 3 pass recuperator was analyzed to predict the
performance, for example, heat transfer rate, effectiveness, and pressure drop, and so on since the ceramic
heat exchanger has characteristics of cheap material cost, but low thermal efficiency compared to metallic

heat exchangers.

Most research papers on heat exchanger deal with only one passage of hot or cold fluid flows for the
heat transfer characteristics|[1]. However, in this paper, the numerical computation was carried out
through the whole region of the ceramic heat exchanger from the hot fluid, via ceramic core, to cold fluid
for the performance. Furthermore, the heat transfer rate is also evaluated by theoretical method of &NTU
with various Nusselt number correlations for comparison to the numerical computation.
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2.1 DESIGN AND ANALYSIS MODEL OF THE CERAMIC RECUPERATOR

The ceramic recuperator consists of rectangular hot exhaust and cold air passages with the exhaust and
air in cross flow direction without mixing each other as shown in Fig. 3.

Fig. 3. Schematic drawing of the ceramic heat exchanger



2.2 OVERALL HEAT TRANSFER COEFFICIENT OF THE CERAMIC HEAT EXCHANGER

Overall heat transfer coefficient, U, between hot fluid and cold fluid is a principal factor for estimating
the rate of heat transfer and expressed as Eq. (1).
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Here, kis thermal conductivity of the ceramic core, A X is the thickness of the wall, and A is the
total heat transfer area. In addition, A and p are air side and exhaust side heat transfer area, and
h and [, are also each side average convective heat transfer coefficients, which are obtained from
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Nusselt relation of Eq. (2).

h=nNux X @

k of above equation is thermal conductivity of each fluid and D, is a hydraulic diameter of the

rectangular fluid passage. Correlation equations of the Nusselt number from literature are listed in Table 1.
The equations in Table 1 were derived under fully developed or developing flow conditions with constant
wall heat transfer rate (i " =const).

2.3 £-NTU METHOD

The thermal performance of the ceramic heat exchanger was calculated by theoretical equation of
£-NTU method for which the effectiveness(< ) is expressed as Eq. (3) in unmixed fluid flow condition,

and then compared to that by the numerical computation.

E=1-exp {NTLCJ:M[exp (- CNTU ")- 1]} @)

Here, C is the ratio of heat capacity(Cnin/Cmax). NTU is defined by the total conductance(UA) divided
by minimum heat capacity(Cpin), Wwhere Cin is the lower heat capacity( Cmin= 1y x ¢ ) and Cpax is the

higher heat capacity(Cnax= 1y x ¢ ) Of the two fluids with m and ¢ are mass flow rate and specific

heat of the hot and cold fluids, respectively. Then, the rate of heat transfer from hot fluid to cold fluid can
be computed as Eq. (4).
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2.4 PRESSURE DROP

Pressure drop is a major factor for the rating of the heat exchanger with the heat transfer rate. The
Darcy friction equation is provided for the pressure drop in Eq. (7)[6].
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Table 1. Correlations of Nusselt number in a duct from the literature
Reference Correlation Condition Range of validity
Geometry Flow regime
Nu,, =8.235(1— 1883/ o+ 3.767/
H ect d d < 2200
Kay and Crawford[2] —5.814/cf +5.361/of — 2/P) Rectangular Fully develope R
Simu]tary
Sieder-Tate[3] Nu=186(RePrDfL) (AL 14 Circular imultaneously R <2200
My developing

Simultaneously Q.7<Pr<7 or

Stephan and prouer(d] | Na= 4364+ L080EAD/ LN Cireul developi RePrDIL<33
EONAn and preuler U . 11 01Pr (&D/‘L)U'SS arcular ' meg
{constant wall heat flux) {for Pr=7)
D D
L3 (RPN (BeAr—) 2333 Thermally developing
Nu= . .
& -
Shah and London[5] 4.364+0.0?22}i’eﬂ"§ (ReFr%) <333 ireular Jaminar

{constant wall heat flux)

NUMERICAL ANALYSIS

There are seldom experimental data for the thermal performance of the present ceramic monolith heat
exchanger in literature. Therefore, it is needed that the numerical computation of conjugate heat transfer



including fluid regions and ceramic solid region to find out the performance.

3.1 GOVERNING EQUATIONS

For the computations, the fluid flows were assumed to be 3-dimensional, incompressible, and steady
state. All fluid flows of both cold fluid and hot exhaust were assumed to be laminar since the Reynolds
number is less than 2,300. The governing equations for steady state and laminar flow are written as

Continuity equation
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Momentum equation
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Here, P . Static pressure
T, - Stress tensor
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3.2 COMPUTATIONAL GRID

Drawing of the ceramic heat exchanger is given in Fig. 4 with its dimension. The numerical analysis
domain is the half of the whole heat exchanger as red line indicated in the figure since the heat exchanger
is symmetric. Fig. 5 presents the computational grids determined by Gambit meshing. The total
dimension of the numerical model is 305.5 * 497.5 * 65 mm® with about 800,000 cells made of
hexahedron. FLUENT commercial software developed by finite volume method was used in this
computation.

In order to check the sensitivity of the cell number, the number of cells was increased from 200,000 to
800,000 as Fig. 6. From the figure, there is less than 0.3% error in air side pressure drop with cell
numbers of 700,000 to that with 800,000 by assuming that the solution with 800,000 cells were the exact
solution. Therefore, the cell size was determined to be 800,000 for all numerical computations in this
study.
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Fig. 6 Sensitivity of mesh grid

3.3 BOUNDATY CONDITIONS
3.3.1 Inlet boundary condition

Profiles of inlet velocity and temperature are needed for boundary conditions of cold air and hot
exhaust. In this computation, uniform velocity profiles to the principal direction to the flow passage are
assigned at the inlet according to the mass flow rate, but the two velocity components perpendicular to the
principal directions were assumed to be zero. Temperature is also assumed to be uniform at inlet as Eq.
(12).

T=T (11)

in



3.3.2 Exit boundary condition

Atmospheric pressure is given to each exit for flow passages since the exit is open to atmosphere.
3.3.3 Wall boundary condition

Non-slip conditions were applied on walls of all fluid flows as Eq. (12). Adiabatic condition was

imposed at outer walls of the ceramic core except walls of flow passages for cold air and hot exhaust as
Eqg. (13).

U wall = Vwall = Wwall = 0 (12)
T _ 0 (13)
OX,

COMPUTATIONAL RESULTS

Numerical computations of the heat transfer characteristics for the ceramic heat exchanger were
compared to theoretical calculation of the heat transfer with various Nusselt number correlations from
literature.

Before the computations, thermodynamic properties were tested by assuming in two ways such that
one is constant properties at a average temperature of inlet and outlet temperatures and the other one is a
linear function to the fluid temperature. For example, Table 2 presents us the air properties at 631°C and
the exhaust properties at 787C. Table 3 also gives the properties of ceramics core for the numerical
computation.

Fig. 7 shows computations with the two assumptions for thermodynamic properties. In the figure, It is
seen that the two computations(dotted and solid lines) are almost close to each other with the relative
errors of 0.1 to 0.22%. Therefore, thermodynamic properties were assumed to be constant at an average
fluid temperature later on.

The numerical computations were carried out at the exhaust mass flow rate of 0.001983 kg/s with
varying the air flow rate from 0.001983 kg/s to 0.003966 kg/s at five steps. The Reynolds numbers
according to the mass flow rates are written in Table 4.

For an instance, Fig. 8 presents contours of temperature distribution of the air flow at Reynolds
number of 585 and the exhaust flow at Reynolds number of 79, which means that the mass flow rates of
the air and the exhaust are the same at 0.001983 kg/s as shown in Table 5. The air flows, in (a) of Fig. 8,
from left side to right side of the figure so that the air temperature is getting higher from the left inlet to
the right exit. Contrarily, the exhaust gas flows, in (b) of Fig. 8, from bottom to upside so that the
temperature is cooled from high inlet temperature to low exit temperature. Furthermore, Fig. 9 gives
temperature profiles of the ceramic core at the same condition of Fig. 8. It can be also seen that the
temperature is getting higher from left end to right end of the heat exchanger as the air temperature is
increased from the left inlet to the right exit.

For the theoretical calculation of the heat transfer, the total heat transfer coefficient, U, between hot



exhaust and cold air should be evaluated with various Nusselt number correlations from literature as Eq.
(1) and Table 1. Fig. 10 shows 4 lines of the total heat transfer coefficient related with Nusselt number
correlations of Kays and Crawford[2], Sieder and Tate[3], Stephan[4], and Shah and London[5]. In the
figure, the total heat transfer coefficient by of Kays and Crawford is highest and invariant to Reynolds
number since the correlation is under fully developed flow condition, All except this line are increasing to
Reynolds number since these are under developing flow condition.

Table 2. Fluid properties for CFD analysis (Rep,=585)

Aidr side Exhaust side
Properties |mean temperature | mean temperature
631LC1 “87LC]
p [kg/m’] 0.391 0.340
c, [T/’ kgK] 1111.°7 1138.7
e [W/mK] 0.062 0.070
p [ke/ms] 3.8375=10"° 4.300x10"°

Table 3. Thermodynamic properties of ceramic core (Repr=585)

Properties Ceramic core
o [Eg/nT] 3100
o, [J/kek ] 70

E [wimI] 775

Table 4. Mass flow rate according to the Reynolds number (Exhaust flow fixed)

Adr side Exhaust side
Hep e [kesz] LR e o [keszl
585 DL CHI1 983
3G L {HIZA78
888 L2875 s OLOH1983
100 O O03071
1192 L CHI3OEG0G
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45 —o—constant properties(1)
---3-- linear function of properties(2)
40 L L L L L L I
585 675 765 855 945 1035 1125 1215
Repn

Fig. 7 Comparison between solutions with constant properties and linear function of
the properties
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Fig. 10 Comparison of overall heat transfer coefficient with various correlations of
Nusselt number

The effectiveness of a ceramic heat exchanger is defined as actual heat transfer rate over maximum
possible heat transfer rate as Eq. (14)

_ Ch (.I-gas,in _-I-gas,oul) _ CC (1-air70ut _1-air7in) (14)

- Cmin(.rgas_in _-I-air_in) Cmin(l-gas_in _-I-air_in)

g

Fig. 11 presents comparison between the effectiveness by the numerical computation (dotted line) and
the effectiveness by the theoretical equation of Eqg. (3) (solid line) with the various Nusselt number
correlations. From the figure, the relative errors of the effectiveness are 2.8~7.2% for Kays and
Crawford[2], 13.0 ~14.4% for Sieder and Tate[3], 0.25~2.14% for Stephan[4], and 3.5~4.6% for Shah and



London[5] to the effectiveness by the numerical computation, respectively. The largest error is up to
14.4% and the Stephan's correlation(circle marks) is closest to that by numerical computation(dotted line).

Total heat transfer rate of the ceramic heat exchanger is plotted in Fig. 12 by the same manner with
Fig. 11. This figure shows us almost the same trend with the effectiveness of Fig. 11 since the total heat
transfer rate is proportional to the effectiveness at a certain condition.

The exit temperature of each fluid is provided in Table. 5, which is obtained by the numerical
computation and &NTU method at the smallest Reynolds of 585 and largest Reynolds number of 1192 in
this study, respectively. The relative error between the exit temperatures by the numerical computation
and &NTU method was less than 0.44% for the exhaust and less than 1.15% for the air.

Fig. 13 shows two lines of air side pressure drop which are a dotted line obtained by numerical
computation and a solid line calculated with the head loss equation of Eq. (7). As shown in the figure, the
pressure drop by the numerical computation is much higher up to 14~17% than that by the head loss
equation. The reason may be deduced such that the fluid flow by the numerical computation is under
developing flow condition from uniform inlet velocity profile, in the other hand, the head loss equation is
only applicable to fully developed fluid flow condition which produces lower pressure drop relatively to
developing flow. The difference of exhaust side pressure drop between them was up to 29% as Table. 6.

60

55

50

45

Effectiveness [%]

40 ---4-- Numerical Computation

250 —HB—Kays—-Crawford

---4-- Numerical Computation
—8B— Kays—Crawford

Total Heat Transfer Rate [W]
8

35 —a&—Sieder-Tate —#A—Sieder-Tate
—6— Stephan —6— Stephan
—<— Shah-London —<&— Shah-London
30 L L L L L : ! 200 : : L ! L !
585 675 765 855 945 1035 1125 1215 585 675 765 855 945 1086 1125 1215
Repn (Air side) Repp (Air side)

Fig. 11 Comparison of effectiveness Fig. 12 Comparison of total heat
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Table 5. Comparison of outlet fluid temperatures between numerical computation and
& -NTU method (Fixed exhaust flow rate)

Air side temperature [C] Exhaust side temperature [1T]
Rey, l Qutlet - Quilet
et N ical et N ical
computation ¢ NTU computation ¢ NTU
585 560 700 693 850 722 721
1192 560 652 642 25 695 641
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Fig. 13 Comparison of air side pressure drop from numerical computation and head loss
equation according to Reynolds number

Table 6. Comparison of exhaust side pressure drop from numerical computation and
head loss equation

Exhaust side

Reon
Numerical computation[Pal Head loss equation[Pal

24 0ve 0.56

CONCLUSIONS

In this study, The numerical computations were carried out through hot exhaust, ceramic core, and
cold air in the whole region of the ceramic heat exchanger for 800~1,000°C. The effectiveness and the
total heat transfer rate by the numerical computation were compared with those by £ -NTU method using

various Nusselt number correlations from literature

(1) The relative errors of the total heat transfer by &-NTU method using five Nusselt number
correlations from literature were less than 14.4% to that by the numerical computation. Among the
Nusselt number correlations, The total heat transfer by &NTU method with Stephan's correlation is
closest to that by numerical computation.

(2) Accordingly, the exit temperature by &NTU method with Stephan's correlation simulates within
1.15% of the relative error for exhaust exit temperature and 0.44% for the air exit temperature compared
to the numerical computation.

(3) Pressure drops by the numerical computation were 14~17% higher than that by the head loss
equation for air side flow passage and 29% higher for exhaust side flow passage since all fluid flows in
passages of the ceramic heat exchanger are developing fluid flows which the present numerical
computation simulated, in the other hand, the head loss equation is only applicable in fully developed
condition which produces relatively lower pressure drop to the developing flow.
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