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Abstract:

A unique design for a falling liquid droplet heat exchanger is presented. The major problem associated
with this type of heat exchanger, that of obtaining uniformly sized liquid droplets, has been solved by
utilizing vibration induced atomization of the liquid. With this method the drops are formed by
disturbing a liquid capillary jet by either vibrating a distributor plate through which the liquid flows or
by holding the plate stationary and producing the disturbance with external sound pressure waves.
Specific use of this type of heat exchanger as a direct coal fired air preheater for MHD power
generation is examined. Digital solution of the governing equations has determined the effect of
particle size and size distribution on the chamber size requirement. Comparisons with other MHD
preheater design concepts, including the cored brick, show the present design has numerous
advantages.
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- ABSTRACT

A unique design for a falling 1iquid droplet heat exchanger is
presented. The major problem associated with this type of heat
- exchanger, that of obtaining uniformly sized 1iquid droplets, has
been solved by utilizing vibration induced atomization of the Tiquid.

With this method the drops are formed by disturbing a 1iquid capillary .

jet by either vibrating a distributor plate through which the liquid
flows or by holding the plate stationary and producing the disturbance
with external sound pressure waves. Specific use of this type of
heat exchanger as a direct coal fired air preheater for MHD power
generation is :examined. Digital solution of the governing equations
has determinéd the effect of partic]e size and size distribution on
the chamber size requirement. "Comparisons with other MHD preheater-
design concepts, including the coredbr1ck show the present design
has numerous advantages.




" CHAPTER 1
INTRODUCTION

The efficiency of a fossil fueled open cycle magnetohydrodynamic
power generatihg plant depends strongly on the temperature of the
working gas. The required combustion tempefatures,ion the order of
BOOOK, can be achieved by either preheating the combustion air to
a high temperature, around 2000K, or by'usebof oxygen enriched air.
Because of the amount of oxygen that would be needed in a large scaie
MHD power plant, the latter of these methods was not consideréd in
this study.

There are two ba;ic types of air preheaters for open cycle MHD
appTications'— the directly fired énd indirectly fired. The directly -
f%red‘preheater utilizes the thermal energy of the exhaust gas from
the MHD channel to preheat tﬁe air while the indirectly fired facility
uses the exhaust gas from a separately fired, clean fuel combuster.
The indirectiy fired preheater, though not having to w%thsténd the
deleterious properties of the fly ash slag, sulfyr, and .potassium |
seed contained in an MHD exhguét gas, would require an expensive clean
burning fuel such as natural gas and would Tower the dvera]i plant
efficiency. Therefore, the full exploitation of the efficiency
advantéges of an MHD power plant is dependent on the employment of high
temperature direct]ylfired aif preheaters.

Four types of preheater'designs have in the past been considered

for coal fired MHD applications:
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1) the chequerwork packed bed preheater

2) fhe packed pebbie bed preheater

3) the cored brick packed. bed preheater

4) the falling bed preheater |
A1l of these are regenerative type heat exchangers.

Polish researchers.have sized the chequerwork type preheater and
found the dimensions duite Targe (1). Creep of the ceramic bricks at
the bottom 6f such:a massive chequerwork is a serious prob]ém. The |
packed pebbTe bed type preheaters haye the inherent problem of
. Q1ugging up from the coal slag deposits, though they are feasible in
an indirectly fired facility (2). The cored brick preheater offers
b&th the possibility of not p1uggin§ from the exhaust'gas coal slag
deposits-andvgood:therma1 effectiveness (3). | '

A11 packed bed type preheaters (chequerwork, pebble bed and
cored bfick) operate in a cyclic mode of heat-up and blow-down. This
requi}es large gas valves in the MHD exhaust gas flow stream operating
periodically and sealing agafnét the differential pressure between the
inlet and outlet of the MHD channel (approximately 7 atmospheres) at
high temperatufes-(aréund.ZOOOK). These valves represent Targe capital
costs and raise serious reliability questioné. . This problem, teamed
with the problems of finding a durable bed material and reducing
plugging and fouling to an aéceptab1e level, has caused preheater

design to lag behind development of other MHD components.
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‘The falling bed concept represents one solution to the problems
of other directly fired MHD preheater design concepts.:. This deéign
employs heat transfer from bartic]és falling through a counterflow of
gas. In the MHD application the particles would be‘heated in one set
of chambers by the exhaust from the MHD channel.. These heated
particles would then‘fa11 through a counterflow of combustion air in a
second chamber. Figure 1.1 shows the flow process involved. Continuous
recycling of the bed materiaTs_e]Tminates any valves in the exhaust
gas flow. The large surface-area-to-mass ratio of the pértic]es in the
~ falling bed preheater give it potential fof high heat transfer rates.

\ Two-typeslof bed material for the falling particle preheater have
been proposed; solid particles of a material like alumina (4, 5) and
Tiquid droplets of a material Tike coal slag. Extensive research was
done on the atomization of 1iquid slag by a team of Eng]i§h engineers
(6). These studies were focusedlon the use of twin jet atomizers,
breaking_up a jet of 1iquid slag with a jet of air. This type of
atomizer had the diéadvantage of a wide dispersion of droplet sizes,
causing large chamber length requirements.

If the.drop1ets are mono-disperse in size, they can be'partia11y
"floated" by the gas and the chambers can be very compact. 'As the
drpp]et size dispersion increases ‘the velocity of the gas must be

decreased to avoid elutration of the smaller par£1c1es and the chamber

length must be increased to provide adeduate residence time for heat
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transfer to or from the Targer drop]etsl Thérefore, the feasibility
of a fa]]ing'bed héat’exchanger usiné 1iquia slag as the bed material
is dependent on a narrow dispersion of the droplet diamgters.

Mono-disperse sprays have been achieved by vibration induced
atomization. With this method the droplets are formed.by disturbing‘

a liquid capillary jet by either vibration (7, 8) or with external
sound pressure waves (9, 10). Experimental data has shown that drops
uniform in diameter to within five percent of the mean can be obtained
using Tiquids as inviscid as water ahd‘as viscdus as glycerin.

The concept of the above described droplet generator and the falling
bed heat exchanger usfng Tiquid sTlag as the heat transfer media are
combined in the following preheater design: It is shown that‘narrow
droplet size distributions obtainable with the droplet generafor can
render an efficient and compact direct1y,fired,high temperature
preheater for open cyé1e fossil fueTed-MHD applications. Some of .the

off design operational characteristics are also considered.
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~ CHAPTER 1II
ANALYTICAL MODEL
The differential equations for the heat transfer within the heat

exchanger were obtained from basic principles.

Radiative Transfer

Radiat%vewenergy exchange between ény two droplets in the chamber
dépends upon the solid angle sUbténded by one droplet as viewed from
the other. Therefore, it i§ necesgary to derive an expression fbr
the shadowing effect of the particles.

Consider an incremental sphere of radius £ and thickness. d%

centered about a droplet of diameterfdi'as shown in Figure 2.1. Assume

‘the sphere is occupied by droplets of diameter dm Tocated randomly with .

an average number density n. Let Q (). represent the total solid angle

subtended by all of the droplets within the sphere. The fraction of

solid angle not yet shadowed by these droplets is

(L) = (4n - Q(2))/4n 2.01

Then the solid angle subtended by>the droplets within the incremental

sphere is :
: nd_2 o
dQ(R) = (——) (4mede) (L) . '2.02
i o

This yields the differential equation

v 202 |
—— t —— L) - vd =0 _ 2.03




With the boundary condition

(o) =0 ,
the solution is
2
a(e) = 4u(1-e "Ml 4y 2.04
Therefore,
2
£(g) = e "My ¥4 2,05

To derive the equations for the net radiation it was assumed that
the droplets are black bodies. It was’ further assumed that the
droplets form an optically dense cloud and the radiation penetration
distance is sma11'compared with the distance over which significant
temperature changes occur. Thus the gas was conéidered”tfansparentu
After the equations were solved, this Tatter assumption was checked: and
the absorption by the gases was found to_be small (11). The radiative
transfer from a drop]ét of diameter dm in the annulus to the droplet
of diameter d; as shown in Figure 2.2 is

2,2,2

imd,d
Qrypy = ——ip e £ (1) 2.06

where

/m | | 2.07

and -

25 = x5 + rS o . - 2.08




FIGURE 2.1 INCREMENTAL SPHERE FOR DERIVATION OF SHADOWING EFFECT
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FIGURE.2.2 INCREMENTAL ANNULUS FOR DERIVATION OF RADIATIVE TRANSFER
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The total radiative transfer from all of the droplets is then
X:oo r:oo

21983 T AR
now-d; d, .].Tsm4(x) .l‘ re” M4y, (x™+r7) dr dx

Qro,g = 8

2 2
g Yy g~ 4 g
2.09
Integrating with respect to r yields
X=
2l ey
nom d. d 4
. im T o) Eof foe])dx 2.10
Q1ﬂ2_>_1 8 )." sm 1
X==
where
o = 1/4 nnd 2.11

and E1 (x) is the first exponential integral function

o

il ::.[}jt et at) 2.12
X
The integration of equation (2.10) requires the temperature of the slag
droplets to be specified as a function of x. Since this is not known,
a Taylor's series expansion about x=0 truncated after the first four

terms of the series is employed.

4 x2 3

T = -gtx) =g(o) #ixg'{o) ¥ —eaiig (o) 4= g"i(0} 2.13




- 10 =
Substituting (2.13) into (2.10) and using the relationship

" _ 057 “rnr. Ged
n
_[; E; (Ix])d, = A i
- 2 .Jnxn El(x)dx, n even
0
yields 0
nowzdizdm2 5
QP2+1 e ) [?(O)El(ax)+%x g“(o)El(ax:J dx
0

Integration of equation (2.15) gives

16odi2 d

8 31Tn2dm4 de

= ond, T, * +

Qrosg

Since the rate of thermal emission from the droplet di is

B 2+ 4

the net radiative heating rate of the droplet is

160d, 2 d2(Tsm4)
QY‘ = 4 T Oﬂd.
net 3ﬂn2dm dx2 i

2 4 4
(Tsm bt Tsi )

2.14

2.16

247

2.18

Equation (2.18) represents the net radiative heating of a droplet

of diameter di by the surrounding droplets of diameter dm‘ This is

included in the energy balance for the falling droplets. When the

energy balance for the control volume is applied, it is necessary to
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represent the net radiative heat f]ux. If the average mean free path
of a photon emitted by a droplet is small compared with the distance
over which significant temperature changes occur, then the net radiative
heat flux 1is obtaihed‘by use of the Rossé]énd diffuéion equation (12).

3
~160T dr |
D = 3., dx 2.19

where a, is the Rosseland mean absorption coefficient. 1In this case
a, would equal o defined in equation (2.11) and T the local mean slag

temperature. Then

3
q . 640Tsm d (Tsm) > 20
r 31Tdm2n . dx

I

\

Equation (2.20) represents. the radiative diffusion through the slag

drop]et cloud.

Droplet Energy Balance

Fine (13) has found the thermal diffusivity of slags similar to

coal slag at temperatures of 1600K to be on the order of 5 x 10'7(

The resulting Biot modulus for the diameters considered is between
0.3 and 0.8. Based on fhese Tow Biot numbers and the internal mixing
within the droplet, an isothermal sphere is assumed.

Consider a droplet of diameter di falling through a counterflow of
. . \
gas as shown in Figure 2.3. Then
(T
Ps csi (g ) at " Qov T Upet 2'2;

m2/sec).
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but :
Wien) e dUgg) e B0 g g e
at ax dt dx si '
and
Q. = ah,dl (T - T..) 2.23
cov {23 g~ 'si
24 1
tolf 2.24
- AT A

sm's m Din

Combining equations (2.21) through (2.24) and (2.18)

2
2 2 4
dTs : 6hi(T9-Tsi) K 0P (MVndPin ) 47 (Tgp)
dx Dol dkV Y 2
§¥S15 1 1S 18csidivsims dx
60 4 4
(T LR : 2.25
pscsidivsi sm Si

Equation (2.25) represents the derivative with respect to position of

the temperature of the particles of diameter di as they fall through the

chamber. For the ideaiizea case of one droplet diameter (mono-disperse)

there is one equation of this form, and di equals dm’ Tsi equals Tsm’

etc. When there is dispersion in the droplet diameters, this is

accounted for by letting d% denote the diameter of the droplets of the
th

i7" discrete size; i=1 denotes the smallest droplets and i=N denotes

the Targest droplets. Thus, there are N equations of the above form
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(one for each discrete size).

Control Volume Energy Balance

The equation for the heat exchange between the droplets and the
gas is derived using the control volume shown in Figure 2.4. The
heat 1oss from the walls per unit area is represented by Gy - The
radiative diffusion term, Qpes is presented in equation (2.20). An
energy balance for the control volume yields

. : ¥ 2 2
1 (msicsiTsi'x —msicsiTsiifox)+h"Din (qux qux+Ax)

M=

.i

Tyl

oTglxenx = CgfgTgly) = 6,0y 8% = 0 2.26

e
(c gt 9'g'x

Rearranging and using equation (2.20)

i 4
dTg - g msicsi d(Tsi) i am Opsdein Vsm
dx o= & dx 2
i=1 mgcg 9msmgcg
d (T 3 d(Tsm) 4% qw“Do 2. 27
dx sm dx g i

Heat Loss From the Wall

Before the heat 1oss can be calculated, the insulation materiai
and thickness has to be determined. The eight types of ceramic

insulation considered are 1isted in Table 2.1. The inner wall
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TABLE 2.1 PROPERTIES OF THE INSULATING MATERIALS
Thermal Upper

Conductivity | Temperature Standard
Manufacturer Type (j/m-sec-K) Limit (K) Size (cm)
Norton AN-599 1.290 2140 7.62
Johns-Manville | JM-3200 0.503 2030 11.43
Johns-Manville | JM-3000 0.475 1920 11.43
Johns;Manvi11e JM-2800 0.424 1810 11.43
Johns-Manville | JM-2600 0.338 1700 11.43
Johns-Manville | JM-2500 0.308 1640 11.43
Johns-Manville | JM-2300 0.144 1530 11.43
Johns-Manville | Cerawool 0.078 1140 5.08
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temperature i§ assumed t§ be equal to the local mean slag drop]et'
temperature and the outer wall is specifiéd at 370K. Because of the
corrosive environment within the exchanger, Norton AN-599 bubbTle
alumina brick is used as the first layer 6f insu]affon. This 1ayef fs
to be 7.62 cm.thicg. The outer tlayer of insulating material,
)Johns—Manv111e Cerawool, is chosen because of its Tower thermal
conductivity and its ability to absorb any‘condensation which might
occur on the inner wall of the enclosing pressure vessel. This layer
is to be 5.08 cm thick. Respective thicknesses of the remaining
insulations are chosen by a computer triaﬁ and error technique as
outlined below. Thermal resistance of the metal pressure vessel is’
ignored. o

To determine the convective film coefficient on the outside wall,
natural éonvection is assumed. For an ambient air temperature of
- 295K and a characteristic length of eight meters the Grashof number
Prand?1 number product is

GrPr = 2.5 x 1012

Since this is in. the turbﬁ]ent range for natural conQection,.the
resulting Nusselt number is

| .
Nu= .13(GrPr) 333

(14) .

Then

N 2

¢; B.a (T0 - Ta) Py .333
kap

h = .13 {( a

a

) k 2.28
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The optimizing criterion for determining the insulation thicknesses
is the ouférlchamber'dfameter; the idea being to maximize the thicknéss_
of the 1ower‘conductivity méteria]s and thus -minimize the outer
diamete;.‘ The design constraints are to keep the temperatures at the
- interfaces within the limits of the respeétive insulations. The computer
routine:fhat chooses and sizes the respective insulations begins by
trying only the high thermal resistance material betWeen the specified
inner and outer layers. If the‘interface temperatures are too high,
successive Tayers of the lower reﬁistant insulations are added until
the interface temperatures are within the 1#mits of the respective
insulations. | |

' ‘Consider the case where only one type of insulating material
between the specified outer and inner layers of insulations is used
as shown in Figure 2.5. From the solution of the conduction equations

for radial heat tranﬁfer with cylindrical symmetry.

Ry (T =T, )hIn(Ry/Ry) -

'T2 = Tin - kl 2(29
"R (T _-T_)hin(R./R,)
Tp=T, -0 3 32 2.30
3. 2 k2
Equating the heat in and out of each face
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-These are solved by use of successive substitution and the
interface temperatures are checked agains£ the upper temperature Timit
specifications of the insulation materials. If these-are ¢oo high,

a Tayer of the next higher rated temperatﬁre insulating material is
added, and the interface temperatﬁres are calculated and checked.

Each layer of insulation added is 11.4 cm thick--the size commercially
available. This method is repéated until all of the temperatures

were within the Timits of the respective materials.

After these steps aré completed, another check is made to see
if any of the interface températures are iow enough to replace a layer
of insu]afioniwith the next Tower conductive insulation. For instance,
the above method could result with a‘1ayer of JM-2300, a layer of
JM-2500, and a Tayer of JM-2600, when the temperature betWeen tHe
JdM-2500 aﬁd the JM-2600 is Tow enough to replace the JIM-2500 with
JdM-2300.

Once the insulation sizes are deétermined, the heat. flux term is

calculated using an overall heat transfer coefficient
G = H(Tin - Ta)
where %N represents the heat loss from the wall as used in Equation

(2.27) and

R M(R.../R)
H=1/(%+§ LSHLZ )
-I .

. (15) ' 2.32.
" |
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Falling Droplet Dynamics

The exﬁression for the dynamics of a spheri;a] droplet of
diameter di falling thkough a counterflow of gas is derived by use of
the free body diagram illustrated in Figure 2.6. Iénoring the

buoyant force (pg/ps<<1)

2 .
dvsi a - 3 CngVri 9 33

dx : V.. 4 d.p.V

i

si i"s si

As with equation (2.25), there are N equations of this form (one
equation for each discrete droplet size).

The diameter of fhe chamber depends on the terminal velocity of
the smaﬂ]est particle. The terminal velocity is calcuTated from the
expression |

4 dap_d. 5
“y = 5 1 2.34

term SCng )

Dimensionless Relations

To facilitate ease of solution and use of dimensién]ess'emperica1
corré1ations, the  above equations.were normalized using the following

parameters
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Equations (2.25), (2.27), and (2.33) transform respectively into

the following:

dq>Si 4 6Nui Ui (W1¢g + y2 - ¢Si)
dn o p RN .
2 4
¥3 e ) ¥ L (g OB 2.35
i d 2 i sm Si :
n
do N do
e WS si ¥
e (1/w1)(i§1 0y My | — ¥5 —~aﬁ§—- ¥6 2.36
du 3cU. 2 do
o ARG e 498 2.37
- * > o
dn (U} Ué?' 4’d, (Ui'u ) dn

where
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- 2
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h R(T - T,
yg8 = g ( 239 199)
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The values for the Nusselt number were correlated from published data

as

6305...333

Nu, = .29Re; " ""Pr- (15) 2.38

The drag coefficient was determined from the Reynolds number

00

18.5/Re"® Re<200

72

G, 5.74/Re"> 200<Re<1000  (16)  2.39

0.44 Re>1000
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The.above parameters and equations apply to the.top chamber but

would be idéntical for the.lower chamber Wwith the exception that

Tl’ T2, V1 and'v2 wou]d bg replaced by:T3, T4,_V3 andKV4 respective]y. :

Method of Solution

The non-linear set of ordinary differential equations (2.35)

through (2.37) represent é boundary va1de system with one known

boundary. Although the boundary values are known at X=L, L itselt is

unknown. Assuming the equations are well behaved, the system can be

solved by an initial value numerical method. An energy balance of the-

entire heat éxchanger system is used to find the temperatures at the
top of the éhambers and the mass flow rates. Thus (2N+1) initial
values are known, Teaving only one to be approximated;-the first
derivative of the mean slag temperature.

The problem arises from the form of equation (2.25). For the
mean slag temperature the equétion is

d(Tsm)
dx

| d*(1g, ") -
=01 (T Tgp) + €2 —g—

where C1 and C2 represent the variable coefficients. If the system is
solved with the second term to the right of the equal sign equalhto
zero, the temperature profiles are nearly Tinear. The addition of the

second term renders the temperature solution, and its derivatives,

~ exponiential in nature and extremely sensitive to-the initial value

Ju,

7

Fo
Yy,




DB
approximation and numerical truncation error. Any slight error will
compound itself exponentially and dominate the equations, rendering
the solution meaningless.

The second derivative term represents a portion of the radiative
transfer while the first term to the right of the equal sign represents
the convective transfer. Defining € as the ratio of these two terms

and employing an order of magnitude analysis yields

d2(Tsm4) 2 dem 2 3 d2(Tsm)
C2 dx2 C2(IZTsm ( dx e Tsm dx?
8 - - \
C1 (Tg-Tsm) Cl (Tg—Tsm)
with
2
d Tsm o AT
dx® e
and
dem ¥ AT
dx I

For the upper chamber using quantities from a numerical solution
obtained with the radiative term neglected results in
e~ 0.030
and for the lower chember
e = 0.002
Since these ratios are much Tess than one, the radiation term is

small in comparison to the convection term. Therefore, the radiation
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second derivatiye term in equatibn (2.35)‘was.ignored.in order to soTye
fhe equatiohs. This is not to say'fhat thermal radiation is ignored

in the analysis; but rather, the second derivative term in equation

(2.18) was dropped.

The initial conditions at the top of the chamber are

The initial value for the second derivative term in equation (2.36)
_had to be approximated in order to initiate the numerical iteration.
Since this‘term had Tittle effect on the results (less than one percent)
tﬁé approximation did not have to be very accurate. -

A fourth order Runge-Kutta integration technique was employed to
solve the system of equations. In the bottom chamber the length was
determined by integrating until ¢g equaled one, while in the top
" chamber the predetermined.slag_exit température was used as the
parameter to detefmine the-léngth. .

Error analysis for higher order Runge-Kutta schemes is very
difficult or impossible to implement for systems of noniinear differen-::
tial equations of this type (17). To check the convergence and stability

several,diffeﬁent step sizes were used. No apparent problems arose.




CHAPTER IIf
DROPLET FORMATION | |

‘A critical element 1n‘the'design of a falling bed counterflow
heat exchanger4is contrpl‘of the dispersion of the droplet diameters.
'Te'prevent any of the particles from beinﬁ blown out of the top,
the velocity of the gas through the chamber must be ]fmited by the
terminal velocity of the smallest particles. If the droplet sizes
are characterized by a wide dispersion, the larger partic]ee will fall
much faster than the smaller ones and the length of the chamber will
become unfeasibly large. For example, the particle size distribution-
obtained from Heywood and Womack (6) usiné a twin jet atomizer would
require cHamber Tengths in excess of 100 meters for an: MHD preheatef.
Figure 3.1 furfher iTlustrates the effect of particle dispersion on
the chamber dimensions. One conceptual solution to this problem
is the formation of the slag droplets by vibration atomization.

In the proposed atomizer, referred to as a drop generator, the
1iquid is forced through a capillary wﬁich is vibrated at e pre-
determ1ned frequency to produce un1f0rm1y sized drops. This technique
has been used primarily in research app11cat1ons such as combustion (8)
and drop coalescence studies.(18). The first quantitative analysis of
11qu1d Jet d1s1ntegrat1on was made in 1878 by Lord Rayleigh (19). His
Aresults wh1ch are.applicable. to an inviscid f]u1d w1thout any aero-
dynamic forces acting on it, showed that the frequency for maximum

instability, and hence the optimum frequency for uniformly sized drops,
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“is given by _
.fopt = V;/4.508 Dy o - 3.01

This analysis was éxtended by Levich (20)- to include the effects of

fluid viscosity and surface .tension forces resulting in

V. 80 0 4

3

: F =A( S R S ) . 3.02.

2
H-- Dj

The minimum frequency for the formation of nearly uniformly sized

drops was determined.empirically by Rajogopalan and Tien (7) as

Foon = 0.4 F

. 3.03

pt

These same researchers also determined the theoretical expression for.
the drop size resu]tihg from the jet disintegration -

- 1/3 2/3

V.
d=1.145 ( FJ- ) D, 3.04

The minimum average velocity in the capillary necessary to form a
stable jet, as determined by Lindbald and Schneider (18) is
8_os ok '
- ( pD- ) 3.05
J .
Harmon (21) has related the capillary diameter to the free stream jet

- diameter by.

J

PRI

D, = 0.867 D, . 3.06 -
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.The above equations were used to simulate the drop geherator' for
the heat exchanger application. There aré two methods of disturbing
the 1iquid jet:
1) Flowing the Tiquid through capillaries in a plate which
is vibrated within a predetermfned frequency range

2) Flowing the Tiquid through capillaries in a stationary
p1ate‘with the disturbance produced by external sound
pressure waves.

Uniformly sizeddrops (to withﬁn five percent of the mean) have
~ been ach{eved by the ffrst method (7,8). " The second method: was
investigated b& Miesse (9) but no size distributions were published.

A major fac@dr in the variation of droplet diameters is the
variatéon in the capillary diameters. The required number of
éapi]]ariés is 1in fhe distributor plate at the chamber top is

4 1

Number of Capillaries = 5 ‘ 3.07
: pch m Dc,m :

Because of the high temperatures, extruded ceramic tubing is

suggested for the capillaries.. The standard tolerances for this

2

tubing with inside diameters ranging from 1.3 x 10°° to 1.3 x 1073 meters

is 3% or 1.3 x 1077

meters, whichever is greater. These tolerances
were used to find the minimum capillary diameter for a specified
mean capillary diameter. qu laminar flow the pressure drop.across

the smallest capillary is given by’




L

AP _ 32“5 'Vc, min ' :
= . 3.08
o wp, 2 : .
c,min
where Vc'min'is the minimum velocity required to form a jet in the -

sma11est capillary. Since the capillary lengths are equal, the

velocity in the mean capillary diameter is given by
: 2

Vv, . D
= c.min__“c,m
Vc,m = ; 5 3.09

c,min

The optimum operating frequency is calculated using equation (3.02).
From equation (3.04) the mean drop]et diameter from the smallest
capillary and the meaﬁ drop]et.diaﬁeter from the.mean capillary are
obtained. Assuming the droplet diameters from any qapi11ary vary
within 5% of the mean droplet diameter of that capif1ary, the Sma]]est
droplet within tﬁe exchanger is calculated from the mean droplet

diameter of the smallest capillary. That is

dmin = .9 dm,min

fhe capillary diameters and the droplet dispersions are assumed
to follow a normal distribution. In order to calculate the standard
deviation, it was further assumed that 99% of all of the droplets
within the chamber are within the diameter range as. calculated above. .

This resu]tsAin a standard deviation of
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| d - d_.
Lo m ~ “min : :
Sq4T T 2.57 (22) , ' 3.10

The frequency function for the bartic]é distribution was then generated

by

o IR
1 - d.-d 2

'-.r sgiWG?;? e

3.11

For the discrete number of droplet sizes as modeled in the computer code

the respective number fractions were obtained by integration of the

frequency function.




CHAPTER TV
RESULTS

The equatioﬁs presented in Chapter II and Chapter III were applied
to the design of an MHD air preheater system. The computer ﬁrogram
outlined in Appendix II was used to numerically intégrate the.equations.
The'operatfng conditions for the 3000 MW thermal open cycle facﬁTity |
considered were similar to those of the ECAS Base Case One Open Cycle
study (23) but with higher operating temperatufes. Higﬂer temperaturés
increase the thermal efficiency of the plant. The pressiure at the ‘
ingress of the channe1 was also higher than that of the ECAS study:; this
_ being appropriate for the higher operating temperatures (24). After
tbe chambers were'sized using ihese operating conditions, partial load

operation was studied.

Full Load .Design

. The diameters of the chambers are dependent on the mass flow rate
of the gas through the chamber and the terminal ve]oci?y of the smallest
droplet. In order to keep these diameters reasonable, 1t.was_necessary _
to use three sets of pteheatérs. Each of these sets consists of three
upper chambers and one Tower chamber as éhown in Figure 1.1. The

parameters-TZ’g, T3,g’ T4,g, m_, and ms were specified. Chamber

g .
length, slag mass flow rate, and pressure drop through. the capillaries
were'the design criteria while the slag temperatures, capillary

diameter and disturbance"freqhéncy were the variable design parameters.
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_The effects of the operating slag temperatures on the design
criteria are shown in Figure 4.1, Figure 4.é,~and Figure 4.3.

Figure 4.1 was obtained by arbitrarily choosing a capillary diameter of

Z2mm and the operatihg frequency at the corresponding.optimum disturbance’

frequency. The mass flow rate of the slag was obtained by an energy
be1ance on .the Tower chamber with the heat loss from the chamber walls
aesumed negligible. 1t was also assumed that the heat loss from the
piping that transports the slag from one heat transfer chamber to
another was negligible; that is, Tl,e equals T4,s and T2,s equals T3,s
'The exhaust gas. temperature at the exit of the upper exchanger was
calculated from an energy balance for the.entire systeﬁ and checked

to be sure that it was higher than the dew point of the:potassium

sulfate (about 1600 K).

Decreasing the'temperature variation of the slag increases.the

slag mass flow rate required and decreases the aggregate chamber length.

(The aggregate length refers to the 1ength of one upper chamber p]us
-the length of the Tower chamber) In order to keep the 1engths
reasonab]e‘without the flow rate of the slag becoming excessive, the
total temperatufe difference for the siég media was chosen at 270K.

Since the slag becomes very viscous at Tower temperatures, the pressure

drop through the cépi]]aries at the top of the upper chamber is critical.

Therefore, the Towest working sleg temperature was chosen at 1650K.

Though the pressure drop would be less if a higher temperature were
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chosen, the éhamber Tength increases répid]y above this temperature.
The next design variable considered‘was the mean capif]ary
diameter.. Figure 4.4 and Figure 4.5 illustrate the effect of the
capillary diameter on the respectivé chamber 1ength§.' Figure 4.6 givés
the optimum disturbance frequencies for fhé upper and lower éhamber
at the various capi]]qry diameters. The pressure drop through the
cépillaries and clogging again become critical. To kéép these at a
minimum, the mean capillary diametef for the upper chamber was chosen
at 2.2mm. In the case of the lower heat exchange chamber, the sma11er’
. capillary diameters require high disturbance frequencfes because of
the lower slag viscosify. Because ghe length of the Tower chamber
v;ries by Tess than two meters at optimum frequency for the cabi]]ary
diameters considered, a larger capilliary diameter of 2.5mm wa§ selected.
The optimum frequency refers to tﬁe formation of the droplets by
the drop generator.and not the.design of the heat exchanger. The
optimum frequency for jet disintegration is not necessarily the best'
choice for the opérating frequéncy of the design. Uniformly sized drops

.have been produced by frequencies higher and lower then the. optimum

disturbance frequency. The 1imit on Tower frequencies has been found to ‘

‘be 40% of optimum but no upper 1limit has been set (7). It was assumed
that 1ncréasing the frequencies by 50% still results in uniformily sized
droplets. To decrease the Tehgth of the upper chamber, the operating

frequency was selected at 50% above the optimum disturbance frequency.
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In‘the Tower chamber, the operating frequency was chosen as the
optimum disturbance frequency; |

The design specificatibns for the upper and lower chambers and
their respective dimensions for the 3000th MHD faéi]ity studied are
presented in Table 4.1 and Table 4.2. Figure 4.7 and Figure 4.8 show
the temperature and velocity profiles within the respective chambers.
The droplets in the upper chamber accelerate for about the first half
of the chamber then decelerate in the bottom half. This is due to ;he
increasing velocity of the gas. as 1t.rises through tﬁe chamber. '

The slag is pumped to the top of the upper chqmber by the pres§ur§
from the lower chamber. Assuming that eéchtupper chamber is fed by
three 20cm diameter slag Tines, the total friction loss is on the order
of 2 x 104 pascals. The head loss, assuming a total height of 30 meters,
is 7.7 x 105_pascals and the pressure drop through the capillaries is
1.1 x 105 pésca]s. Therefore, the total pressure required to push
the slag through the piping and capillaries is approximately 9.0 x 105
pascals. Since the pressure difference between the upper and lower
chambers is 1.09 x 106, no.slag pumps are required.

Transferring the siag from the upber chaﬁber to the lower is
achieved by use of three reservéirs as shown in Figure 1.1. While
one reservoir is being filled by its respeétive uppér heat exchange

chamber, the second is being pressurized and the third is being emptied

into the Tower heat exchanger. 'In this manner a continuous flow of slag
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TABLE 4.1 DESIGN SPECIFICATIONS FOR 3000 MWt MHD PREHEATER

Upper ‘Chamber

Lower Chamber

Number of Chambers

Gas Inlet Temperature
Gas Outlet Temperature
Slag Inlet Temperature
Slag Outlet Temperature
Gas Mass Flow Rate

Slag Mass Flow Rate
Chamber Pressure
Chamber Inner Diameter
Chamber Outer Diameter
Chamber Length

Mean Capillary Diameter
Operating Frequency
Mean Droplet Diameter
Capillary Pressure Drop

9
2200K
1816K
1650K
1920K

150 kg/sec
288 kg/sec
.11 MPas
6.65 m
8.28 m
16.80 m
2.2 mm
245 Hertz
3.02 mm
.022 MPas/cm

3
1200K
1800K
1920K
1650K

375 kg/sec
864 kg/sec
1.2 MPas
5.3l m
6.93 m
4.32 m
2.5 mm
411 Hertz
2.70 mm
.002 MPas/cm
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TABLE 4.2 INSULATION SPECIFICATIONS FOR HEAT EXCHANGER

CHAMBERS

Upper Chamber

Lower Chamber

Type Thickness Thickness
Nortran AN-599 .076 m .076 m
Johns Manville JM-3000 114 m 114 m
Johns Manville JM-2800 114 m 114 m
Johns Manville JM-2600 .229 m 114 m
Johns Manville JM-2300 .229 m 342 m
Johns Manville Cerawool .051 m .051 m
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is supplied to the lower chamber.

Partial Load Operation

It may be necessary-at times to operate an MHD facility at less -
than full load. fhe operating characteristics of an MHD channel at
partial load has been studied by Rosa (25). As an example of how the
prehéater would operate in such a case, a three-quarter Toad operation
was considered. |

The air temperatures in the lower exchanger are the same as in
the full load situation, while the temperagure of the exhaust from
" the MHD channel is s1ightly higher. The mass flow rgte of the slag
was kept the same as in the fuﬁ1 Toad situation. An energy balance
was emp]oyed to fﬁnd the temperatufe of the slag at the bottom of the
Tower chamber. Since the length of the chamberAis specified, it was
necessary to control the heat transfer by.contro111ng the droplet
diameter. The correct operating frequengy of the drop generator was
determined by trial and erfor using a computer preram“simi]ar to the
one employed in the full load design. The frequency was varied, and
-thus the drop. diameters, until the spécified‘temperatures at the
bottom of the exchanger were reached.

The procedure for the,upper chamber was much:the same. The

exhqust gas temperature at the exit of the heat egchanger was determined

by an energy balance and the disturbance frequency was found by trial
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and error. The results for both chambers afe preseﬁfed.in Table 4.3.

In the Tower chamber the  higher s]ag_témpe?atures compensate for
the decreased air mass flow rate and the mean droplet diameter and
“the disturbance frequency are nearly the same as in“the full Toad
case. In’'the upper chamber the mean droplet diameter is smaller and
: the disturbance frequency is larger than the -full load situation.
This is due mainly to the deéreased flow rate of the gas.-
| Other operating loads are achieved by frequency variation in
the same manner as above or' by removfng one or two sets, of the preheater
systems from on-line. For instance, half Tbad is obtained by operating ‘
two sets of-the heat exchanger systems at three-quarter load. The
operating characteristics would be tﬁe same as in Table 4.3 except there

would be only six upper chambers and two Tower chambers in operation.
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TABLE 4.3  OPERATING SPECIFICATIONS FOR 3000 MWt MHD

PREHEATER AT 3/4 LOAD

Upper Chamber

Lower Chamber

Number of Chambers

Gas Inlet Temperature
Gas Outlet Temperature
STag Inlet Temperature
Slag Outlet Temperature
Gas Mass Flow Rate

Slag Mass Flow Rate
Chamber Pressure
Operating Frequency
Mean Droplet Diameter

Capillary Pressure Drop

9
2230K
1850K
1734K
1935K

113 kg/sec
288 kg/sec
.liO MPas
433 Hertz
2.50 mm
.010 MPas/cm

3
1200K
1800K
1935K
1734K
281 kg/sec
864 kg/sec
1.16 MPas
394 Hertz
2.74 mm
.002 MPas/cm
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' SUMMARY

The faT]ing bed heat exchanger has many advantages over the
cored briék'heat e*changer for high temperature direct fired MHD
appliéations. These include the'compact size, the.eTTmination of
massive high temperature valving, the unihterruptedflow of the exhaust
gas and preheated air, and the ability to adjust easily to partial load
operation. Utilization.of this type of preheater in a corrosive
environment such as coal slag has the added advantage of requiring
periodic replacement of oﬁ]y the distributor plate rather than
replacing the entire bed as would be necegsahy with the cored brick
exchanger.“

Previously, the fa11ing bed preheater using Tiquid sTag as the
heat transfer media had not been considered a viable alternative to
the cored brick heat exchanger because of the 1arge chamber dimensions.
that would be required. These Targe chamber sizés_were due to the Tack
of control of the drop sizes and drop size distributﬁon. This study
has shown, at 1ea§t conceptually, that this problem can be so1v¢d by
employing vibration atomiéation-of the 1iquid to produce uniformly
sT;ed drppleﬁs. . The resulting heat exchangers are efficient and compact.

The major problem inherent with this concept is the deéign of the
distributor plate. The creep and thermal stréss associated with a
loaded plate at elevated temperatures are major complications. While

it is probable that the first generation of difect—fired preheaters for
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MHD.appTicatioh will be.of the cored br%ck design, with advancing high
‘temperature materials technology the faT]inQ bed preﬁeater will
probably become a Qiab]é alternative. Before further work can be done
~on the design of a 1iquid slag preheater system, experimentai studies
on the vibration atomization of liquid s]aj'are necessary to either
réinforce or alter the assumptions used in this study.

’ There are ﬁany additionaf apﬁ]icatiops for the 11qufd droplet
heat exchanger which should be pursued. ‘By adding the equations for
mass transfer, compact cooling. towers could be designed using a
water to air system. Other app1icationé cah be foynd in coal

gasification or in any area involving corrosive liquids or gases.

-
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APPENDIX I
MATERIAL PROPERTIES
Following are the properties as functions of temperature for air,
exhaust gas, and coal slag as used in the design of the heat exchanger

system. A1l temperatures are in Kelvins.

Air

- -2 -4_ 2 =grs 3
Pl 967.+9.60 x 10 Ta+1.29 X0 Ta =4.37 x10 Ta (joules/kg-k) (26)
u, = 1.62 x 10'6Ta'513 (pascal-sec) (26)

3 &
2.6955x310 Ta
Ryt - (joules/m-sec-K) (27)
(1 + -2 10712/Ty)
a

Exhaust Gas
Cq = 917.+.031Tg (joules/kg-K) (28)
Mg = 7.46 x 10'7Tg'582 (pascal-sec) (28)

& -4 gD
kg = .029+2.9 x 10 Tg + .80 x 10 Tg (joules/m-sec-K) (28 )
Coal Slag
Cg = 871.+.180T (joules/kg-K) (29)

4
1.49(10(1-47x10"/(1.8T-460)-6.5)

He (30)
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The viscoéify of the slag.is for coals with a high calcium conteﬁt
and é 1ow_si1jca ratio (about~35) similar to’Montana'sub;bituminous
coal. For bituminous coal as would be.fqund'in the eastern United
States the silica ratio is around 55 and the'viscosfty'is increased
by tenfold. In order to use this tybe of s1ad in a drop generator,

it's viscosity must be Towered by the addition of Ca0.
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APPENDIX II

Following is an outline Of the computer program used in

sizing the heat exchanger chambers.-




[ ISTOP ISTOP=1.

ISTOP=0

{Droplet Diameters

Y

/ﬁrint Specifications
Slag and Gas Temp.

A
|
| Compute Minimum and Mean
|
|
|
|
I
[
J

Pressures ICa]cu]ate N Particle Sizes
Flow Rates Q
ﬁaps}]ary Riam. Integrate Frequency Function
d for Number Fractions
T
Compute Particle Diameters [ T T AT W
and Number Fractions
Q . 0 ey o X el ]
Find Terminal Velocity of y |
Smallest Particle Add One Layer of |
y . ™1 Insulation ——-_?;>T]imit
fES]cuTate Inner Diam. | ; :
v |
Size Insulation and g I _yTiST]1m1t
Caltnlate Dutelr/Dlanoa™a g Tn ™ 5 s s
Compute Dimensionless Constants
and Set Initial Conditions
¥
KP%}NT=2 Begin Runge-Kutta KPRINT=1
Output Dimensiored KPRINT=3 Output Dimensionless
Quantities at X=XPRINT Parameters at X=XPRINT
|

Cease Runge-Kutta Iteration
when Slag or Gas Temperature reaches
predetermined quantity

— Output
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