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Recuperators are frequently used in glass production and metallurgical processes
to preheat combustion air by heat exchange with high temperature flue gases.
Mass and energy balances of a 15 m high, concurrent radiant recuperator used in
a glass fiber production process are given. The balances are used: for validation of
a cell modeling method that predicts the performance of different recuperator de-
signs, and for finding a simple solution to improve the existing recuperator. Three
possible solutions are analyzed: to use the existing recuperator as a countercurrent
one, to add an extra cylinder over the existing construction, and to make a system
that consists of a central pipe and two concentric annular ducts. In the latter, two
air streams flow in opposite directions, whereas air in the inner annular passage
flows concurrently or countercurrently to flue gases. Compared with the concur-
rent recuperator, the countercurrent has only one drawback: the interface temper-
ature is higher at the bottom. The advantages are: lower interface temperature at
the top where the material is under maximal load, higher efficiency, and smaller
pressure drop. Both concurrent and countercurrent double pipe-in-pipe systems
are only slightly more efficient than pure concurrent and countercurrent recupera-
tors, respectively. Their advantages are smaller interface temperatures whereas
the disadvantages are their costs and pressure drops. To implement these solu-
tions, the average velocities should be: for flue gas around 5 m/s, for air in the first
passage less than 2 m/s, and for air in the second passage more than 25 m/s.

Key words: recuperator, radiation, convection, heat transfer, concurrent,
countercurrent, double pipe-in-pipe system

Introduction

The higher the temperature, the larger is the heat potential to perform work, i. e. its
exergy. The maximum theoretical efficiency for the conversion of heat into power is given by
the formula for a reversible Carnot process: Ep = [(T — Tp)/T]Q, which means that 80% of the
heat at 1217 °C could be theoretically transferred into power when the environment is at 25 °C.
The highly valuable heat at high temperatures leaves metallurgical and glass production fur-
naces as the sensible heat of flue gases. In a glass fiber production process, flue gas exit tem-
peratures greater than 1200 °C are usual [1]. The preferable use of high temperature heat is for
power production, but in these industries it is more energy efficient, economically justified,
and technically simpler to use this heat to maintain high temperatures of technological process-
es. This is achieved by recuperators, in which combustion air is preheated by heat exchange
with hot flue gases. The use of preheated air increases combustion temperature and the process
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efficiency [2]. Its use decreases exergy destruction due to internal thermal energy exchange

(heat transfer), which is the major source of irreversibilities in an oxidation process [3].

The basis for this work is a 15 m high recuperator used downstream of a glass fiber
kiln, which is shown in figs. 1 and 2. It is a concurrent pipe-in-pipe radiant heat exchanger in
which both fluids: flue gas and combustion air, enter from the bottom and exit at the top. Flue
gas flows through the central pipe and combustion air-flows through the annulus, which is
shown in figs. 2(a) and 2(b). The annulus has eight fins over the perimeter of the outer surface
of the inner cylinder. These fins are 50 cm long and are placed over the entire annulus length.
They influence the heat transfer but are placed primarily to facilitate assemblage, secure the
proper distance between the cylinders, and prevent buckling and bulging of the innermost cyl-
inder. The structure hangs supported from the above, which means that the maximum load on
the material is at the top of the recuperator. To secure material strength in this zone a cooling air
is introduced just above the combustion air exit, as can be seen in fig. 1. The lowest interface
temperature produces the longest useful, life-time for a recuperator, and is the main reason why
concurrent arrangement is the most popular for recuperators [4]. The examined recuperator is
built from high temperature resistant chrome-nickel steel. Recuperators are classified according
to: their material: metallic or ceramic, dominant mode of heat transfer: convective, radiant, and
combined (convection and radiation) recuperators, etc. Convective recuperators are well docu-
mented, whereas due to its commercial value and confidential nature of industry, little infor-
mation is available in open literature on metallic recuperators [5]. Two types of radiant recuper-
ators are frequently used: pipe-in-pipe, depicted in fig. 1, and tubular or cage type recuperator
[5]. The latter type is used for high pressures and consists of tubes, often removable, arranged
on the large diameter circle. To improve the durability and effectiveness of radiant recuperators,
the research in the field spreads in the following.

— Developing new materials and coatings. Above 1100 °C ceramic material is a better
technological solution for durable heat exchangers but is prone to fouling [6]. Luzzato
et al. [7] presented a high temperature heat exchanger with the main heat transfer parts
made out of ceramic matrix composite materials. Metallic radiant recuperators are built of
high temperatures refractory steels and alloys of nickel, cobalt, and chromium [5, 8, 9].
To obtain good resistance to high temperature corrosion, erosion, and wear different coat-
ings are used. The examples of coatings are nickel base brazing filler alloy and high-
velocity oxy-fuel thermal sprayed Cr;C,-NiCr [10], as cited by [5].

—  Developing new designs. The examples are recuperative burners [11, 12], heat pipe recu-
perator [13] cited by [5], radiant recuperator with additional air passage that lowers ex-
cessive recuperator surface temperature and improves its effectiveness [14-16]. In the pa-
tent [16], the authors empirically recommended the ratio of the cross-sectional areas of
the outer and the inner annular combustion air-circulating passages at 5:1 and stated that
the ratio as small as 4:1 is acceptable, too. However, they did not give a general recom-
mendation for the air velocity in these passages regardless of the capacity.

—  Modification of the existing designs. They are introduced to ease assembling, give more
strength at high temperatures and improve radiative heat transfer from flue gases and con-
vective heat transfer to combustion air. The latter is improved by longitudinal fins [17], with
oblique wavy walls [18], or vanes that impart twisting motion [19]. Radiation from flue gas-
es is improved by inserting a flat metal surface [4] or an elongated central ceramic core [16].

—  Construction modeling. Sharma et al. [20] developed models for concurrent and counter-
current [21] radiant recuperators to consider their performances and account for heat
transfer processes.
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Figure 1. Measuring points, instruments, and results for the examined radiant recuperator
(for color image see journal web site)

The goal is: (1) to give mass and energy balances of the recuperator, (2) to present a
mathematical cell method that can be used for modeling radiant recuperators, (3) to find a
simple solution to improve the existing design, and (4) to give recommendations and condi-
tions for the use of a double pipe-in-pipe system (double air annulus) in this kind of heat ex-
changers. The analyzed flow configurations for the improvement of the examined recuperator
are shown in figs. 2(c)-2(f). Figure 2(c) represents the existing configuration, fig. 2(d) coun-
tercurrent flow configuration, fig. 2(e) depicts the configuration recommended by [14-16],
which is made of three concentric pipes. In this kind of recuperators, fig. 2(e), a single air
stream flows in opposite directions through two concentric annuluses, whereas flue gas flows
through the central pipe. Two flow arrangements of this kind are analyzed: one where air in
the inner annulus flows counter currently, fig. 2(e), and the other where it flows concurrently,
fig. 2(f) to flue gases. The examined configurations are compared, and the pros and cons as
well as the recommendation for their use are discussed in detail.
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Figure 2. (a) cross-section A-A from fig. 1 of the examined recuperator with the detail of fins,
(b) in the concentric annular air passage, (c), (d), (e), and (f) are the examined flow arrangements for
the radiant recuperator

Mass and energy balance of the
existing recuperator

Figure 1 shows the mass and energy balances of the examined recuperator. The bal-
ances are obtained after 12 hours of examination by combining average measurement values
and calculations.

The recuperator is used to preheat air, here at 642 °C, for the combustion of heavy fuel
oil in a continuous glass furnace. The recuperative furnace produces 669.12 kg/h of glass fiber
by the use of 970.03 kg/h or raw material. The temperatures in the furnace are kept in the range
from 1298 to 1580 °C by the use of side burners. The flue gas, whose composition is given in
fig. 1, leaves the furnace at 1293 °C. Gravity drives molten glass out of the furnace.

In the figure, the measuring devices are given, too. The relative errors of the meas-
ured quantities are: for O, £0.8%, SO, £5%, and H,O £3%, volume flow rates +3%, and for
temperatures less than £0.5%. The presented values are in agreement with [1].

Model

Figure 3 shows the structure of the applied heat transfer model. The heat exchanger
is divided into a finite number of area elements over which the two fluid streams flow. In this,
the so-called cell modeling method, a heat exchanger is represented by a system of intercon-
nected but not overlapping cells. The application of this concept gives insight into the interior
of a heat exchanger. The concept also allows representation of a stream with a single cell.
There are three types of cells for the model: flue gas, air, and insulation.

Pure concurrent and countercurrent recuperators, depicted in figs. 2(c) and 2(d), are
modeled each with six flue gas and air-cells and an insulation cell. The double pipe-in-pipe
system, which is shown in figs. 2(c) and 2(d), is modeled with six flue gas cells, twelve air-
cells, and an insulation cell.

The core of this kind of physical modeling is the calculation of basic temperature-
dependent thermodynamic properties. To calculate densities, thermal conductivities, thermal
diffusivities, dynamic viscosities, Prandtl numbers, and air specific heat capacity and enthalpy
are used [22-24]. Specific heat capacities and enthalpies of gas species in the flue gas are cal-
culated by [25]. The standard reference state for all the quantities is defined at 7 = 298 K and
po= 100000 Pa.
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Figure 3. The structure and principle of the applied cell modeling method
(for color image see journal web site)

Flue gas cell

High temperature flue gas flowing through a pipe is cooled down by convection and
radiation. The energy balance for the flue gas in the i cell is:

. out,FG; ~ b
MeG G, T (Tin,FG, - Tout,FG, )= Qcon,FG‘. + Qrad,FG, (1)

in,FG;

where riipg = 1.995 kg/s is the mass flow rate of the flue gas in the examined recuperator. The
first term on the right side of eq. (1) is the convective heat flow rate O, rg [W] from the flue
gas to the pipe wall in the i cell:

Ocon,ra, = G, 4 (Trg, —T1) (2)

In eq. (2), 4; = dnl; [m?] is the pipe area in the i™ cell, and in each cell T =
= (Tinrc + Tourc)/2 [K] is the mean temperature of the flue gas. Because the whole exchang-
er is divided into six cells (seven temperatures), the arithmetic mean temperature difference
between the flue gas and the pipe wall describes heat transfer well. For that reason, the loga-
rithmic mean temperature difference is not used. It is used only when end temperatures for a
heat exchanger are known. The advantage of the applied approach is a better convergence of
the model since the use of logarithmic functions makes a non-linear system of equations sen-
sitive to the initial values. When only one modeling cell is used, the solution for a better con-
vergence of the model is the approximation of the logarithmic temperature difference [26].

In eq. (2), the heat transfer coefficient for flue gas apg [Wm K '] is calculated by
the Nusselt number Nu,, = (apcd;)/A [-]. For the fully developed turbulent flow described by
the Reynolds number Re = (wggd))/v > 10" [-], the Nusselt number in the i cell is [27]:

é RelPrl d 2/3
Nu,, = 8 1+ (—lj 3)
1+12.7\E(Prﬁ/3 -1

where &; = (1.8loggRe; — 1.5)% [-] is the friction factor in the i cell for turbulent flow in
smooth pipes. In eq. (3), Pr; = v/a [] is the Prandtl number, d; and /; [m] are the pipe diameter

i
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and length of the i cell, respectively. The ranges of validity for eq. (3) are: 10 < Re < 10°,
0.1 <Pr <1000, and dy/I; < 1. The physical properties of the fluids are referred to the mean
temperature in the i cell. The properties of flue gas are affected by temperature, but when the
gas is cooled in the pipe, the effect of temperature dependent property variations should not
be taken into account. .

The second term on the right side of eq. (1), Qg g [W] represents the radiative

heat transfer from the flue gas mixture onto the circumference ot the enclosing pipe [28]:

- & ey} 4
= Ao * &, Ive — AyT. 4
Qrad,FGl A (1 —&, )(1 _ A\/) ( g"FG,; VEiwl, ) ( )

where &, = 0.91 is the wall emissivity for stainless steel in furnace service [29]. The radiative
heat transfer rate in the i cell is calculated by the use of the medium gas 7y [K] and the
wall temperatures Ty, [K] in the cell. ’

For a mixture of H,O and CO; at a total pressure of p = 1 bar for pu,o/pco, = 1, the
temperatures between 1,100 K < 7, < 1,800 K, and the equivalent layer thickness between
0.2 m <s¢q < 6 m, the total emissivity is [30], cited by [28]:

€H,0+C0, = é‘li {1 —exp [_ki (Pr,0 + Pco, )Seq J} (5)

a;=by +by —>—

1000 K
where the coefficients in egs. (5) and (6) are: ;= 0.130, b1, = 0.595, b13=0.275, by; = 0.265,
by =-0.15, bp3=-0.115, k;=0 1/mbar, k= 0.824 1/mbar, and k; = 25.91 1/mbar [28].

The corresponding degrees of absorption 4, [—] in eq. (4) are readily calculated by
using the same eqs. (5) and (6) when the temperature of the emitting wall T, is used instead
of the temperature of the gas T;5 [28]. For the examined recuperator, the partial pressure of
H,0 is puyo = 0.1171 bar, whereas for CO; it is pco, = 0.1324 bar (0.1313 + 0.0011), fig. 1.
The small SO, partial pressures of the combustion gases are covered by the CO, partial pres-
sures [31]. The s.q [m] is the equivalent layer thickness, which for the flue gas cylindrical cell
(di=1294 mand /=2.5 m, see figs. 1 and 2) is 0.76 [28].

In the i section, the heat is transferred by convection and radiation to the pipe wall.
The heat is then transmitted through the wall by the conduction heat flow rate Q.4 rg [W]
to the annulus through which air-flows. The heat rate balance for the cell wall (surface 1-1
in fig. 3) is:

(6)

. . . Twl - TWZ.
Qcond,FG, = QCOH,FG, + Qrad,FG, - 11—,611 (7)
In —
2nﬂ’steel d2

where Age; = 31 W/mK is the thermal conductivity for the pipe [32].

Air-cell

The air-flowing through the concentric annular duct is heated by convective heat
transfer rates from the inner and outer cylinders, fig. 3. The energy rate balance for the air-
flow in the i cell is:
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. ]:ml,al ~ -
m, Cpa ‘T (Tout,a, _Tin,ai) = Qcon,in, + Qcon,out‘. (8)

in,aj

cond.in [W] and Q cond.out [W] are the
convectlve heat transfer rates from the inner and outer surface of the annulus, respectively.
For the i™ air-cell they are calculated by:

Qcon,in =0, (Am +77f Af NT, inw, — 1) )

Qcon,out, =Q, Aout (T outw, ) (10)

In these equations, 4;, = di,ntl and Agy = doumtl [m ] are the areas of the inner and
outer cylinder that form the annulus, respectively. To calculate convective heat transfer rates
in each cell, the arithmetic mean air temperature 7, = (Toya + Tina)/2 [K] is used. The wall
temperatures in the annulus are at the outer diameter of the inner cylinder T}, [K] and at the
inner diameter of the outer cylinder Toyuw [K]-

A model given in [33] that calculates the heat transfer in concentric annular ducts for
fully developed turbulent flow is used to calculate the heat transfer coefﬁc1enta o, [Wm K]
in each air-cell. In the model, the dimensionless numbers for the 7' z " cell Nu =« 2dy/\ are de-
termined by the use of the hydrauhc dlameter given by dy, = doy — din [m].

The air velocity w, [ms '] in the i cell is calculated by:

where n1, = 1.815 kg/s is the mass flow rate of air, fig. 1, Q

w, = y (11)

d2, —d’)m
Pa, {( - 4 ) _nfhfgf}

where n¢ [—] is the number or rectangular fins, /¢ [m], and & [m] are the height and the width
of a fin, respectively, fig. 2. The physical properties of all the quantities in the model are re-
ferred to the mean air temperature in the cell.

For a fully developed turbulent flow Re > 10* in a concentric annular duct, the modi-
fied equation of Petukhov and Kirilov [34], as stated in [33], is used:

ann,

8 h.a,
Nu,, = -1+[ ] F,.K, (12)

ky + 12.7\/52‘""‘(%2/3 -1

In eq. (12) the coefficient k; [—] is calculated in each cell i by k; = 1.07 + 900/Re —
—0.63/(1 + 10 Pr). In each cell i, the fnctlon factor é‘ann ] depends on the ratio a = dip/doy [-]
and is determined by &,,, = (1,8 log;o(Re z) —1,5)2[33] with:

i

(1+a)1na +(- a)
1- a) In g,

Re—

(13)
For the boundary condition heat transfer from both walls which is valid for the ex-

amined recuperator, the coefficient F,y,, [-] in eq. (12) for the i* " cell is determined by [33]:

o 0.75a;""7 + (0.9 -0.154,"%)

anni —

(14)
1+aq,
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In each cell, eq. (12) that calculates the Nusselt number is modified by the use of the
multiplier [33] K = (Ty/Ty)™* [-], which takes into account the variation of fluid properties
with temperature.

The area of the fins in the cell is 4¢= 2n¢hel; [mz], where /¢ [m] is the length of a fin,
which is equal to the cell length. For the examined recuperator, the fin dimensions are given
in fig. 2. The fin efficiency 5[] is the ratio of the mean temperatures between the respective
base of a fin or tube and fluid [35]. The use of the adopted nomenclature gives:

U (15)

The formal way to calculate fin efficiency is ny = tghX/X, where the operand X [—] is
X = hf(2aa,/kf8f)l/ 2 [35]. In the latter equation ¢ = 4 mm is the width of a fin, fig. 2, and
Ae=Aseer = 31 W/mK is its thermal conductivity [32].

In addition to the air-flow energy rate balance eq. (8), the energy rate balances for
the outer surface of the inner cylinder eq. (16) and the inner surface of the outer cylinder
eq. (17) are used (surfaces 2-2 and 3-3 in fig. 3):

Qcond,FG Qcon in, + Qrad in, (16)
Qrad in; = Qcon out; + Qcond out; (17)

The heat flow rate from the corresponding flue gas cell Qcond rG, is partly transferred
by convection to the air Oy, and partly radiated to the outer surface of the annulus
Ocond,in, [W]. The radiated heat is then transferred by heat convection to the air Oyyg oy, and
partly transferred to the surroundings or the outer air-cell Ocond,out, [W] depending on the ex-
amined construction.

In general, the radiative heat transfer rate Qrad in, consists of two components: one is
from the outer surface of the inner cyllnder and the other is from the fins to the inner surface
of the outer cylinder, fig. 2, and for the i cell it is:

o

Qrad,in. =
S 4(
+

— -1
& A

n; out,

gout,

J Am ( inw, outw )+

O-Af gfgout %)

T1- (1= &p)(A = &gy VP10

(T =T (18)

In eq. (18), the first term on the right side is the radiative heat transfer between two
cylindrical surfaces [36]. The degrees of emissivity for all cylinders in the examined designs
are assumed equal, i. e. in each cell €;, = gy 0.91 [29]. In eq. (18), the second term on the
right side is the radiative heat transfer between the fins and the inner surface of the outer cyl-
inder [36]. The degree of emissivity of fins &= 0.91 is the same as for the base metal. The
T: [K] is the mean fin temperature in the i™ cell, which is calculated by eq. (15). The
@12 = 0.614 and @, = 0.0173 are the view factors, which are determined by the graphical
method [37]. The radiative heat transfer between the base cylinder and the fins is neglected
due to the small temperature difference.
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The term Q'C()nd’outl in eq. (17) is calculated in each cell as in eq. (7):

. T:)utw. -T 4
Qcond,out[ = ‘ l ( 1 9)
271Vlsteel d3

where A = 31 W/mK.

For an air-cell that does not have fins, fig. 2), egs. (9), (11), (15), (18) should be im-
plemented taking care that all terms regarding fins are zero. This kind of cell is used to de-
scribe the outer annulus in the double pipe-in-pipe system.

Insulation cell

The heat transfer rate defined by eq. (19) from all cells is transferred by heat con-
duction through an insulating layer and then by natural convection O, 4.ss [ W] and radiation
Oradloss L W] to the surroundings. It is the heat loss O, = Ocondiioss T Pradioss [ W1, which in an
expanded form becomes:

: T, - T,
Qloss = 6 :

! In a7 + ! In dy

ks dg 2mAy  dy

As there are several air-cells that are connected to an insulation cell, fig. 3, the tem-
perature T [K] at the outer surface of the outermost air flowing cylinder is determined as the
arithmetic mean of the corresponding temperatures for all air-cells connected to the insulation
cell, i. e. T, = (X, T;;)/n, where n = 6 is the number of cells. The T [K] is the temperature at
the outer surface of insulation, which consists of a mineral wool layer coated with a 0.6 mm
thick aluminum sheet. For the aluminum sheet, its thermal conductivity and degree of emis-
sivity are A ,; = 124 W/mK [31] and €4, = 0.09 [29], respectively. The thermal conductivity of
the mineral wool layer A, [Wm 'K™'] is obtained by the second-order polynomial approxima-
tion of the manufacturers’ discrete data [38]: A = 0.035 + 87107 + 37%,,107", where
fims= (ts+ 17)/2 [°C] is the medium temperature in the insulation.

= 0, dsth(Ty = T,) + o,y dsnh(Ty =T;)  (20)

Pressure drop

The total pressure drop is caused by friction, fittings and net thermal gravity effect:
2

oW

2
d—hpl+2§ T—gApAh (21)

Ap. =
ptflz

The last term on the right side of eq. (21) is the thermal gravity effect, which is neg-
ative when the fluid is heated while flowing downwards. The f[-] is the dimensionless fric-
tion factor calculated by Colebrook’s equation [39] taking care that the absolute roughness
factor for stainless steel is » = 0.015-10 m [40]. The hydraulic diameter d}, = 44/0 [m] is the
ratio of the duct area A4 [mz] relative to its perimeter O [m]. In eq. (21), X{ [-] is the sum of
local pressure loss coefficients that are taken from [41].

The effectiveness of recuperators

The determination of the outlet temperatures of flue gas and combustion air for a re-
cuperator enables calculating its effectiveness & [—], which is the ratio between the actual heat
transfer and the maximal possible one in a heat exchanger [42]:
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§ _ Ta,out - 7;1,in (22)
TFG,in - Ta,in

It allows comparison of the analyzed designs as it was performed in [20, 21].

Model validation

The modeling results of the examined recuperator presented in figs. 4 and 5 show a
good agreement with the experimental results presented in fig. 1. The deviation is less than
0.5 °C. The good agreement is obtained by adjusting the parameters in the model: degrees of
emissivity and heat conductivities, which are kept within the recommended ranges [29, 32].
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Figure 4. The results of modeling of the examined recuperator: left - for concurrent flow, right - for
countercurrent flow
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Figure 5. The temperature profiles along the recuperator for air 7, flue gas Tgg, and inner surfaces of
the inner Ty and outer 7; cylinders: (a) for concurrent flow, (b) for countercurrent flow

The results show that the flue gas gives 80.9% of heat by thermal radiation. The ve-
locity of flue gases is in the range from 6.65 to 5.08 m/s, which is slightly larger than the rec-
ommended velocity of 5 m/s [28]. The increase in air velocity from 13.04 to 28.75 m/s is fol-
lowed by the increase of heat transfer coefficient from 21.68 to 40 W/m’K. The average air
velocity 22.36 m/s is within the recommended range 20-30 m/s for radiant recuperators [43].
The highest material temperature is at the bottom of the recuperator 856 °C, then it slightly
decreases before levelling out at ~730 °C in the last 10 m, as can be seen in fig. 5.

Results

If the air-flow in the examined concurrent recuperator is reversed, a pure countercur-
rent radiant heat exchanger would be obtained. In that case, a theoretical improvement would
be achieved because of a larger mean temperature difference. These differences are 591.2 °C
and 674.3 °C for concurrent and countercurrent flow arrangements, respectively. These can be
seen in figs. 4 and 5. Table 1 shows that the power of the recuperator would increase by
10.47%, which means that the air preheating temperature would rise together with the effec-
tiveness, whereas the heat loss would decrease if the existing insulation is kept. Even the total
pressure drop would be smaller for countercurrent flow due to the smaller average air veloci-
ty, tab. 1 and fig. 4, regardless of the negative thermal gravity effect —108.2 Pa. This effect is
positive 104.7 Pa for the concurrent recuperator.

Figure 5 and tab. 1 show that the countercurrent recuperator has the maximal inter-
face temperature 966.4 °C, compared with 856 °C in the concurrent one. Oppositely, at the
top of the recuperator, where the construction is supported and where the material must with-
stand the highest load, the countercurrent recuperator has a smaller interface temperature
477 °C, compared with 727 °C for the existing construction. This means that different materi-
als could be used for different segments of the recuperator if they are mutually weldable.

The addition of an extra cylinder over the existing recuperator makes a double annu-
lus (double pipe-in-pipe) system, which is shown in figs. 2(e) and 2(f). The larger the diameter
of the outer annulus, the larger the heat transfer in the recuperator, as can be seen in fig. 6(a).
However, for a constant thickness of insulation with the increase of the diameter ds, the heat
loss increases, too. This means that for a constant thickness of insulation an optimal diameter
of the outermost cylinder exists. For the examined recuperator, the optimal diameter is in the
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Table 1. Physical properties of the examined recuperator and three specific designs that could be
obtained by its modification; for all four cases, d;=1.294 m and d;=1.372 m, d5=1.75 m for the
designs with double air annuluses (material temperatures are for the innermost surface d,

for all the designs)

.. Double air Double air
Existing
Type of recuperator Counter current annulus annulus
concurrent
Counter current | concurrent
Total heat flow rate from flue gas MW 1.176 1.300 1.308 1.201
Heat loss to surroundings kW 30.3 25.5 27.4 322
Air outlet temperature K 915.2 9717.7 980.5 926.3
Flue gas outlet temperature K 1134.6 1087.4 1084.4 1125.2
Effectiveness - 0.478 0.528 0.53 0.487
Max. material temperature K 1129.6 1239.5 1199.4 1085.5
Min. material temperature K 1000.4 749.9 782.1 977.8
Average material temperature K 1031 990.2 978.4 1016.2
Average air velocity (for both pas- m/s 22.36 20.3 2.48 242
sages in the double air annulus de- 23.28 25.72
signs)
Pressure drop Pa 4866 4043 4501 5593
Recommended average velocities
Flue gas m/s 3-5[42] 3-5
. in the outer annulus < 2
Alr ms 20-30 [42] in the inner annulus 25-30

range from 1.75 to 1.85 m. Table 1 shows specific properties for the diameter ds = 1.75. Due
to the velocity profile, 25.94% of heat is transferred to the air in the outer annulus compared
with 71.96% in the inner one, although it has a smaller heat transfer area. Compared with the
countercurrent recuperator, the addition of an extra cylinder decreases the maximal interface
temperature, increases the total heat transfer rate and the effectiveness, but also increases the
pressure drop by 11.3% because of a larger average air velocity in the inner annulus. In the
outer annulus, the thermal gravity effect is larger than the total pressure drop: 35.9 Pa com-
pared with 11.5 Pa.

Table 1 shows that compared with the both analyzed countercurrent systems, the
double pipe-in-pipe concurrent system, fig. 2(f) is less beneficial for the total heat exchange.
Compared with the existing recuperator, this solution decreases the interface temperature,
whereas it only slightly increases the total heat transfer rate and the effectiveness.

Figure 6(b) shows the heat transfer rates for different double pipe-in-pipe systems
for the same mass flow rates as in the examined recuperator. This analysis is carried out as-
suming all the cylinders are 5 mm thick, and annuluses do not have fins. Similar to fig. 6(a),
the biggest heat transfer rates have constructions that have a wide outer annulus (large diame-
ter of the outermost cylinder) and a narrow space, less than 5 cm in the inner annulus. For the
recuperator with d; = 1.284, d, = 1.344, and d; = 2 m, the average velocities are: for the flue
gas 5.69 m/s, for the air in the first 1.2 m/s, and 35.5 m/s in the second passage. Similarly, the
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Figure 6. Heat transfer rates for: (a) the flow configuration shown in fig. 2(e) depending on the inner
diameter of the outermost cylinder placed over the examined recuperator and (b) different inner
diameters (d, d3, and ds) of the cylinders used to obtain the flow configuration shown in fig. 2(e) for
mass flow rates and inlet temperatures of air and flue gas equal as in the examined recuperator

design with the diameters: d; = 1.372, d, = 1.422, and d5 = 2 m has the velocities: 4.92, 1.35,
and 42.8 m/s for the flue gas, the first, and the second air passage, respectively. In all good
constructions the majority of heat, around 80%, is absorbed by air in the inner annulus.
Roughly 2/3 of this heat is absorbed at the outer surface of the innermost cylinder.

Figure 7 shows temperature profiles of flue gas, air, and walls for double annulus
systems for two opposite cases presented in fig. 7(b). When in these designs, the outer annu-
lus is wide, the air inside it absorbs only ~ 20% of the total heat because of a small heat trans-
fer coefficient caused by small air velocity. In the inner annulus, the air has a high heat trans-
fer coefficient due to the acceleration influenced by: narrowing of the passage and decrease in
its density. Figure 7 also shows that in these kinds of design, the wall temperatures are higher
than the air temperatures in the whole recuperator. It means that two countercurrent air-flows
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Figure 7. The temperature profiles along the recuperator for air, flue gas, and inner surfaces

of cylinders in the countercurrent double pipe-in-pipe system; (a) for an efficient, (b) for an inefficient
arrangement
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do not exchange heat between themselves. The opposite happens in the design with a narrow
outer annulus. In that design, the maximal air temperature is not at the exit. When the air-
flows through a narrow outer annulus its high velocity and high temperature difference influ-
ence the high heat transfer coefficient. Because of a larger surface area of the outer annulus,
the air absorbs more heat than it is radiated from the inner (2-2 in fig. 3) to the outer (3-3) sur-
face of the inner annulus. In other words, the air-flowing through the outer annulus receives a
part of heat from the air-flowing through the inner annulus.

Conclusions

The applied cell modeling method proves there is a good correlation with the exper-
imental data. The model swiftly converges and is not very sensible to the initial values. With
the change of model parameters, good agreement with experimental data for this kind of heat
exchangers could be obtained. It allows obtaining temperature and velocity profiles along a
radiant recuperator. These are important for the design and material selection.

Compared with the existing concurrent recuperator, the reverse of air-flow would
have only one drawback: the interface temperature would be higher in the first 5 meters at the
bottom, i. e. in ~1/3 of the height. In this area, the maximal interface temperature is by 110 °C
higher for the countercurrent design. The advantages of this flow arrangement relative to the
existing recuperator are: the interface temperature by 230 °C lower at the top, where the mate-
rial is under maximal load, the medium temperature difference is higher thus influencing the
higher efficiency by 10.47%, and the smaller pressure drop by 16.9% because of the smaller
average air velocity. Because the interface temperature changes substantially in counter cur-
rent recuperators, different materials could be used for different segments of a newly built re-
cuperator if they are mutually weldable.

The addition of an extra cylinder over the existing design creates two air passages.
For the countercurrent flow configuration between the air-flow in the inner annulus and the
flue gas, the outermost cylinder has an optimal diameter. For the existing recuperator, this so-
lution does not have many advantages over the pure countercurrent design: the maximal inter-
face temperature is 50 °C lower, the efficiency is 0.6% higher, whereas the total pressure drop
is increased by more than 11%. Compared with the existing recuperator, the double pipe-in-
pipe system with the concurrent flow should be used to slightly decrease the maximal inter-
face temperature.

Both concurrent and countercurrent double pipe-in-pipe systems are only slightly
more efficient than pure concurrent and countercurrent recuperators, respectively. The ad-
vantage of these solutions are smaller interface temperatures, whereas the disadvantages are
their costs and pressure drops. To implement these solutions, the average velocities should be:
for flue gas around 5 m/s, for air in the first passage less than 2 m/s, and for air in the second
passage more than 25 m/s.

From the angle of view presented in this paper, the future work should include the
optimization of the flow configuration inside a radiant recuperator by combining the all four
analyzed flow configurations, stream splitting, varying the distances between cylinders along
the recuperator as well as the inclusion of devices that would improve convective and radia-
tive heat transfer in a such design.
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Nomenclature

A —area, [m%] o — Stefan-Boltzmann constant

Ay — gas absorptance, [] (=5.6704-107%), [Wm’K ™

a - thermal diffusivity, [m’s™'] Subscript

¢, — specific heat capacity, [Tkg 'K ubscnpts

d - pipe diameter, [m] a  —air

Ey — exergy rate, [W] ann — annulus

g —acceleration of gravity, [ms™] conv — convection

h  —height, [m] cond — conduction

! —length, [m] FG - fuel gas

n —number of, [-] f — fin
p —pressure, [Pa] g  —gas

O — heat flow rate, [W] h - hydraulic

T —temperature, [K] i — the " cell

w  —velocity, [ms ] in —innlet

ins — insulation

Greek symbols nc  —natural convection

a — heat transfer coefficient, [Wm?K ] o  —at the reference state

A —the change in, out — outlet

& —degree of emissivity, [—] rad - thermal radiation

n — efficiency, [-] w  —wall
A —thermal conductivity, [Wm K] 1-8 — odd numbers designate inner, whereas
v —kinematic viscosity, [m’s '] even numbers designate outer diameters
p  —density, [kgm ] of cylinders according to their sizes

(1 — the smallest)
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