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MARIAN TRELA

Gdańsk

prediction of Heat Transfer to a coal -
Slurry Flow*

The paper presents an analysis of the heat transfer to a three-phase coal slurry flow. This highlycomplex problem is simplified tv Joopting the homogeneous and separated flow models as used mainlyin two-Phase flow. The analysis iądicates that the rr.r".*"";.u.;;;;;;d t. 
^"r"'"a;"r",";"il';'case' This is valid both for Newtonian and non-Newtonian behavio.r, oi,t . coal slurry,

List of symbols

A * area, l

ą - hold:up, i, Cp - specific heat,
D - pipe. diameter,
/ - friction factor,
G _ mass velocity,
h _ heat transfer coefficient,
7 - superficial velocity,
ł - conductivity,
J( - property index,
X' - consistency index,

.\'lr - Nussęlt numbei,
n' - frow behaviour index,
Pr - Prandtl number,
p - pressure

Re - Reynolds number,
§r - Stanton number,
7 - temperalure,
ł - mass quality fraction,

Q - volumetric flow rate,
lł' - mass flow rate,

Z - vo7umetric factor,
V - velocity,
p : density,
p - viscosity,
@ - experimeńtal parameter.

Subscripts

i - to* pressure and temperature,
2 - high pressure and temperature,
/ - liquid,

1o - liquid only,
g - gas,

go - gas only,
s - solid,

so - solid only,
/s9 - three-phaseffow(liquid, solid, gas),

. Introduction. i
HYdrodYnamics and heat transfer in a stream consisting of three phases, namely liquid,solid aild gas were not investigated in the past. In a few years, the interest has grownremarkably, in particular in the chemical,engineering.

-.fi:i}:lrŁwas'carried 
out at the Institute for Mining and Minerals Research, University of

t157l



l58 M. Trela

2.1. Some Basic.Terminology

Bęfore proceeding with the analysis of the three_phase coal slurry flow it is necessary

to dęfine some of the relevant terminology.

Hold_up ą. The hold_up of a phase in a multiphase floW is defined aS the fraction

of the cross-section area of the pipe occupied by that phase. The following relations are

obvious:

In this paper the three-phase flow and heat tfansfer'will be investigated for the coal

liquefaction processes. The three phases ale: oil, coal and hyórogen,

Heat transfer to thę three_phase flow is too complex for a strictly theoretical tr:eatment"

It may be solved onty by replacing,the real flow by a simpler one. Such approach to 1he

problem is characteristic for muftiphase flows (ryainly two-phase) whęre one considęrs

,,homogeneousl' or ,,sępalated" flow instead of the real one,

ln iłris paper the same approach is used to develop the methods for thó prediction

of heat transfer to the coal slurry flow. Assuming that slurr} is Newtonian in behaviour

anJ considęring the flow as ,,homógeneous" Or. ,,Sepafated" two methods arę obtained,

The same may be donę for_a non_Newtonian slurry but first some characteristic parameters

must be determined experimentally. _

2. Theoretical prełliction of the Heat Transfer to a Newtonian coal slurry
' '1

Assuming that the coal slurry is Newt"onian in behaviour We may adopt the approach

to the problem from the two-phżrse flows, in which the flows are considered to bę, either

,,ho*o^g"nóous" or ,,separated". In thę both caseś the flow is assumęd to be turbulent,

/
ą_- -1,|

and 
dg+ąxl+as:I , Q}

Mass flow ratę W. Mass flow rate żwill be thę sum of thę individual rnass flow rates

W:WsłWt+W".

Phase velocities. Phase velocities are expressed by

Ao Alan:i, dt:T, (1)

W"
y _:___ ," P"A"

(3)

(4)W- W,
l,|-cI/--g pnAn' ptAt

Volumetric flow iate Q.It will bę the sum of the individual flow rates

.Q:Ó,+ó,+ó". (5}
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and

.]_

Mass velociiy

_".
Superficia1 vęlocities

Mass qqality fraction. The

X_:Wn
W

mass quality

W,
,\ l- --- l

W

Xn.+X7+X"=7.

ń,G:--. _

A

.a W G/:-: _:_:v'ApAp'

.Q,O"
J,:-r:/ lo, j":}':V"o

źtA

J,łjt-|j,:.i.

Z: -2n _
QtłQ"

fraction is expressed as

W"

W

o^in:j:Vn,

(6)

(7)

and

l,I

i
J

(8)

(9)

(10)

volumetric factor z. Itisdefined as

( 1i')

2.2. The Physical .Properties of the Slurry Components

" Liquid phase, It was intended to use for heat transfer calculations thę data for tet_ralin becausę tętralin is to be used in the future experimental research. As its thermalProPerties were not available, the naphthar.o. ouiu-r,,ir';; r*a insteaa for heat transfer-calculations, The thermal properties or 
"uprrtrruńrr. ".;;;;; iig, i - 4. The viscosityas a function of temperatu-r" ,,ur'ut * i.oiia nomogram in tr]. rrlę"a;il ffiJ#il-point was calculated from Koppa and Le Bos formulae given in [2]. For other tempera-tures the density was assumed to have the same gradient as otller similar compounds.The thęrmal conductivity and specific heat were ;J;;"i;;il.iłil rrr.." values are validfor atmospheric pressure

Gas Phase, Nitrogen inst^ea_d of,lrydrogen is to be used during the future experimentalresearch (to reduce thę cost of the experiments), ,o 
"itiog.r, 

p.ip"m., witl be used inthe calculation. They are taken l-rom [3}.

. - 
s:,lid phase. rt is assumed that coal used for slurry preparótign has specific gravity1.1. The thermal conductivity and specific heat are available from [4].
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Fig. 1. Naphthalene viscosity

100 l50 200

Fid. 2, Naphthalene density
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ż,3, Heat Transfer to the CoaI Slurry Flow - Hornogeneous Flow Model

The homogenęous flow theory proirid", the simplest
phase flow. This model considers ihe phases to flow as
fluid properties [5, 6].

The basic assumptions of the model are:
a) equal velocities of each phase,
b) the attainment of thę thermodynamic equilibrium between the phases,
c) the use of a suitably defined simple-phase friction ra"to. ro.-J;;ir"ń"r" flow.
The Pseudo ProPerties of the fluid (velocity, temperature, density, ui."r;i' ;;d;;;_ductivity) are weighted avefages. sometimes there are some dęviations from the above

technique for analyzing a multi.
a single phase possessing mean'

2,5

Cp

0.6

cp

{p*Llkr

0.3 L
0 .|50

Fig. 4.-Specific heat

assumPtions and the thermal Properties of one of the components are usęd instead of themean properties.
In this PaPer the heat transfer is calcqlated for two cases in a homogeneous flow. Thetwo different cases are denoted by indices HL and HM, respecti;;iy,'-""

11 Prace IMP z. 77

Fig. 3. Thermal conductivity



l62 M. Trela

a) HL - denotęs the quantity calculated using the liquid propęrties as the slurry

properties,
b) HM _ denotes the quantity ca-lculated using average (mean) properties (from

liquid and solid phase).

The above means that in the first case thę heat transfer is assumed to be determined

by the liquid boundaty layer, whilę in the second case - by the liquid-solid boundary

layer. Under homogeneous flow model assumptions, heat transfer to the coal slurry in a
turbulent flow may be galculated as for a single phase flow. So for the turbulent flow in
pipes Dittus-Boelter equation may be used

Nu:0.023R eo,8 Pro,4.

A' For the first 
"u'",("')(r!)..r:0.023(ne)if(pr)i.f

(Iż)

(1 3)

or developing this expression

h,"nD :o.o23(V,*Dp,\o'' (9!r,\'" . (l4)
ą -"'"'- \ l,, ) \ *, l

For the homogeneous flow model, Ę"o is calculated from

,,"-UĘ&:v6"(l+z), .
(1 5)

where Ę"o _ the liquid-solid velocity (the subscript ,,o" stands for ,,only", so /so means

,,liquid solid flow only").
It is practical to compare heat transfer coefficient for the three-phase coal slurry flow

with heat transfer to the liquid flow only. Heat transfer in the liquid turbulent flow is
given by

(Nu)l : 0.023 (R e1!," ęr r1!,u 
-

or

\yD :o,ons (V," P,?_\o'u(pr)?,o.
kl \l, /

If we divide (la) by (17) for the same liquiil and slurry velocities e.g.

V ,o: Y t"o

t}rc result will be

B. For thę second

oI

(16)

(I7)

(!#),":(ł)""

case HM

:(l+Z)o.8. (18)

(19)(Nu)"" : 9.6z: (ne)fiiŻ(pr)?;fr 
.

,H:n 
o,, (Ę-)"(.TT;"")''. (]0 l
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If the assumption Y,o:V6o still holds one gets

(?) (*) : C)' 
" 

ffi #)"(xff)' "

(?:) 
".: 

(#H"('flo 
*(?) 

(?:)' 
r 

:, ęl + z)o,8,

(21)

(22)

where B - stands for the three terms on the right side of the ielationship (22).Comparing now (18) with Q2) one gets

W:ffiH (#,=)'"!:u (23)

It is seen that factor B indicates the discrepancies in the heat transfer due to the differentthermal properties of the hoinogeneous RulJ, rnis factor is urro 
"quur 

to the ratio (h,")r*lb,"at V*o: Ęo because

1or,ł"ff^? rr$fi łnN{

0023ReP-,s pęa'o':s
rn order to calcuiate 8 one must determine. quantities pgu, Crg, and p"*. They weredefined as weighted averages. But for solid-liquid -l^tui"r lt is"a'jvised to calculate pgyin another waY [2], For examPlereference 1z1 !iu", the equations iJ cat".rtute the viscosityof solidłiquid mixtures..One of th. .quaions is

(ł^)r,

valid for
paulpt:I +4.5a"

ą-<0.4.
The average density pnw may be calculated, as follows

Wt:VuAPt:jtApt, fu 
":V,oAp":j"Ap"so

fu1":Wr+ W,: pnyrAV1"o: jl Aplł j 
"Ap"because in homogeneous flow

Vu,:jt*j"
lhen frorn (27) one gets

pn JlĄ!44:j:!t4!".
A(Jtłj") jtłj"

In the same way one can calculate Cn,,1ra

and 
' W,"9rr*: WlCptłilr"Cr"

, (- _jtPtCotłj"P"Co"
-pHM - 

_-' 
Pur,,lUt+.i")

(24)hro

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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In order to compafę, hęat transfer coefficients resulting from the above derived formulas,

the following problem will be considered,

problęm. Calculate heat tranśfer coefficient to a three-phase (naphthalene, coal, ni-

trogen) flow in 6.35.10-3 m tube at a temperature of l00'C and ambient pressure.

Thecoal slurryvelocity (without nitrogen),is Zr"o:g.5 m/s. The coa1 amount in thę

feed is 25 wt )(. Volumetric factor Z:1 through l0,

Solution. Thermal properties of coal from [4] are:

p":1098 kg/F' ,

Co":|,25 kJi kg K ,

, k":0,25 Wim K

Thermal properties of naphthalene frorrl Figs 1 - 4 are:

i',,l',|i,ł'§^*,
Cp1:1.80 kJ/kg K

Thermal properties of nitrogen from [3] are:

ps:20.86 x 10-6 kgfms,

' p9:0,93 kglrn' ,

According to (17) the heat transfer coefficient for the oil flow is

g,u L' :ssą W/m2 K .

D

Slurry mass flow rate

W6:WlłW ":jlApył 
j"Ap"

slurry velocity

. Vt"o:j:jłjs:0,5 m/s, ę2)

The calculation of n and 7" needs 
'additiona1 information. Coa1 amount in the feed maY

be expressed as:

*#,:ł-dś#ń=;* (33)

'' j" P"
from which

j, ( I ,\ p" (34)

i :\7-'l 
o;,/
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and finally considering (32) and (34) the superficial velocities are

7, : 0.387 m/s , 
"l" 

: 0.1 1 3 m/s .

Thus the average slurry density is

,n*:j''! ! 
j 
:' " : gg l .2 kgl'm'.

J tłJ,
The ratio of viscosities yurąl pt is

llaul p,: t ł 4.5a": t + ą.s (a): z.an .

The conductivitY of the solid-liquid slurry may be evaluated from (35) which is based
on [7]

k,.11n :2| ! + k 
"- 2a 

"( 
ł, - k" ) : 1.057 .łl 2k,+k,-a"( jr k")

From (3 l) the ratio CpHv/Cr1 is

C^
Courrł łJftj"n' 

V-,

Putting together tlrć above calculated values we have

l!' :2.917 . Puu: ],0325, ury :1.0574. C rHM :o.g243 .Ft Pt kl Crt

These values enable us to calculale B factor which may be rearranged to

,B:rp"y ,, l"[fu" {rylo 
o[krrlo.u_^ 

".
:L 

o, ńJ LĘ, i, J [ -;J :0,7764 (37)

Basing on the above data, the ratios (hj"nf h1,)11y and (k"glhb)HM are calculated and shown
in Fig, 6. The ręsults indicate that using]different definiiion for the slurry properties 1Hior HM) one ca'n get discreapancies of about25)( for the homogeneous florv model.

2.4. HeatTransfer to the Coal Slurry - Separated Flow Model

SeParated flow model considers the phases to be artificialIy segregated into three streams,
one ol liquid, one of solid and one of gas. In the simplest ,ńait ror.n .";' J;;; i;
assumed to travel at a certain męan velocity [5, 6]. A separate flow model has beęn often
used in two-Phase flow (liquid-gas). Good results are obtained at higher values of mass
fraction Ę when thę flow Pattern is annular, becausę th'is flow *uy b. considered as se-
parated one.

The basic Premises uPon which the separated flow model is based are the following
assumptions:

(35)
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a) con§tant but different velocities for each phase,

b) the attainment of thermodynamic equilibrium betwęen the phase,

c) the use of empirical correlation for the hold-up, In the case under consideration

(coal slurry stream) it is reasonable to assume that velocities. of coal and oil are equa1

because of the same densities so we havę got the next assumption,

d) the velocities Y, and V" are equa| (Vr:Y":Vu).
The above assumptions implicate that the heat transfer to the coal slurry wi1l be de-

termined by the liquid-solid annulus on the pipe wall. The heat.resiśtance of the annulus

depends on the hydrodynamic conditions and thermal properties of the boundar5' 1ąyę1,

Thermal properties of thę coal slurry are the same as in the formęr model so the desired

quantity is the velocity V1" ot the liquid-solid annulus. If the liquid-solid stream is tur-

bulent, the heat transfer may be described by Dittus-Boelter equation using the proper

value of the annu]us velocity Ę".

A. Assuming that slurr.y
write

properties are represented by liquid (index SL) we can

(Nu)r" : g.623 (Re)3i8PrU1

(T)*:. .ozz (V'łĄ)o'o.3 
o.

heat transfer is expressed by (17) so

Al W,
' A ptAVt

'A"W"
A p"AV,

(39 )

if Yb_IĄ"o the ratto

{A2)

(43)

(+

c:bl

(40)

{4I)

For thę single-phase flow,
(hunlh,)r, becomes

In ofder to calculate hęat transfer one must know the velocity of solid-liquid annulus,

The velocity may be found if one knows the hold-up of the gaseous phase. From relations

(2) and (4) the hdld-up. is expressed as

' Or+ o":a"1":I - dn l

(T),":(ł,:)"

1/W, il/.\. a4":&1*a.:(1 *ar): _ l--'+-,:l.AV,"\ p, p, J

From (42) the annulus velocity

Vt,: .- (', *'"\:; 
-,(Q,+0,):, ,V,yA -,- AtL-o")\ pt' p,), A(l-ą) \Ł' ' L§' (-a)A

and
Vr" _
Y r"o I-on
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Putting the last result into (40) one gets

(*),,:(*)":(+),-
To find heat transfer coefficient in the separated flow model .onę must get the

hold-uP of the gaseous phase. There are many empirical corręlations for an for different

Fig. 5. Parameter g versus property index K

conditions and- different fluids. One ol the best is Thom's correlation developed for the
water-vapor flow in the whole pressure range [8]. Thom's correlation is.given as

(45)

(46)
0X

' I+Xg(0-1)'
where d - Parameter determined experimentally for water-vapor system as the function
of pressure (the 0 values may be found in [8]). 

'.- -:..----
Thom's correlation may be used directly for a water-vapor system only, because 0

is given for it, One maY use this correlation for other fluids if d is expresr.a ńu u function
of ,,property index 1{". This conclusion may be drawn out from [9] or [i0].Property index K is equal to

; ":( I)(?,)"'
The relationship 0:0(K) was calculated in [10] and is shown in Fig, 5.

(47)
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-.$d-
v#/

Fig. 6. Results of. the heat transler calculations

case SM, assuming that slurry ploperties arę
we can write

(Nu)r* : 6.923 (Re)8iiPr8#

('!"2\ : 0.023 r!",9y?\','1C,," l"*\o,u.

\ kr* ,/r, \ P., ,/ \ k., /

5

weightedB. For the second
(from oil and solid),

\

or

average§

(48)

(49)

The ratio .(h,"nlh,)". may be rearranged to

(H),-:,(fJ" (50)
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Calculating now the ratio (ł,"n)5, l(h^)r, we have

/ /^ \o''

94r, :u \ 1,/g : B l-(1 -ąn),. lo,,.(ltt"n)st / /.^ \o'' " 
|r' -aP*J

\ą),,
It is evident from the above formula thatthe differencę in the heat transfer coefficient bet*ween the case A and case B is given by factor B and different values of gaseous hold_upar. In order to find the new values of a, the new va[ues olKand d muriu. d;;";;jFrom (47)

" 
: (TJ [*)"' : (,r*) (###)" " :,,n

(5i}

(52i

and from Fig, 5 9 : 175, The results of the heat transfer calculations for both homogeneousand separated flow model are represented in Fig. 6.

2'5' Estimation of the Effect of Pressure ,and Temperature Upon Heat Transfer in Both Models.

So far heat'transfer coefficients for both homógeneous and separated flow modelshave been calcuialed at ambient plessure and low temperature ó= i;;;;': ffióIt is interesting to investigate the effect of both parameters on the heat transfer.

Homogeneous flow moclel
A. Let us as§ume that the new parameiers are: ?:12o bar, T:700 K (427"C), If weconsider the homogeneous flow model for the case when ,l.,r.y p.op"rties are expressed.bY oil ProPertięs then we See that the ratio (h,,nf h,o)"" is independent of the temperatureand pressure
B, rn order to estimate the dependence (hr"rlhr,)rłu ofl the pressure and temperature,

;TJr:" 
consider the change of the factor .B resulting from the change of these two para_

Liquid densitY ą depends on the pressure and temperature, but this dependenceis very weak compared, to that for gur", ,o it will 6e neglected in this consideration. If',p' is constant then according to (29) pHu is constant bJcause superficial velocities areconstant, BY the same token it may be proved that other quantities are constant. So itis seen that if we neglected the change of p, .esulting from the pressure and temperature,
, change then B is constant and the ratios

are independent of the

and (ł:)",(?),,
tqmperature and preSSure,

SeParated flow model. To estimate the influęnce of thę plessure and temperatureon the heat transfer one needs to follow the wholę preceding procedure starting with thecalculation of the index property K,
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A. Slurry pIoperties are explessęd by liquid
New value of 1( may be obtainęd considering the change in the.gas density, the liquid

and the gas viscosities.
The gaseous density nray be calculated from thę equation of statę for perfect gases

Pgz:P,,?!. (53)
P, Tz

Nitrogen viscosity in the new conditions may be evaluated by using the Theory of Cor-
responding States [2]. From the chart Figure 3.14 in [2] it was estimated that in the new

conditions nitrogen viscosity increases by a factor of 1.57.

Oil viscosity in thę nęw conditions may be roughly estimated from Fig. 1 to be p,
:0.1 x l0-3 kg/ms.

'The 
obtained values enable us to calculate thp property index K

",,:(i:) (u;)" 
" :,,

According to Fig. 5, a:2O. Having d onę can calculate thę ratio (h6nfh7o)rrfot p:l2g
bar and T:700 K (427'C).

B. Slurry properties are weighted aveTages
For this case it may be proved that the influence of pr'essure and temperature on the heat

transfer is expressed by the formuIa

r&\ =B(\r\\frr,/., \ł," /..
whęre .B is practicąlly independent of the temperature and pressure.

2.6. Discussion of the Results

The hęat transfer coefficięnts calculated for thę both modęls for low and high pressures

and temperatufes aIę shown in Fig, 6.

It is seen that for the separated flow model all values except those for a low pressure

and temperature are in the region łvherę maximum'values differ by about 45\,
The deviations from the valuęs ealculated for the separated flow modęl at a low pręs§ufe

and'temperature should by expected if onę remembered the assumptions of this model,

which prefer jt to be used at higher mass quality fraction Xu when flow pattern is annular.

The assumptions of the homogeneous model are better fulfilled at very 1ow'and-verY'

high mass quality fraction Ą, when the gaseous phase is dispersed in the solidłiquid
phase or vicę versa.

The other rea§on for dęviations of the results for the separated flow model at a low
pressufe is the large error in thę estimation of thę hold-up ao at a very low value of Ą.
Usually the prediction fromulae fot an ate good if X;>0,05. In our casę the values of Ą
are below this limit:
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In the coal liquefaction ProceSS one must expect low values of the mass quatity fractionXg (Xg:2 to 3\ of the total three-phase mass flow rate) so the homogeneous flow modelńould be Preferred in thę calculations of heat transfer to a coal slurry flow. rt seems thatthis conclusion should bę valid also for non-Nęwtonian slurry.

3, Prediction of the Heat Transfer to a Non-Newtonian Coal Slurry

Heat transfer to a non-Newtonian turbulent flow has been investigated very poorly,No data were found in the literature about the heat transfer to a non-Newtonian three-phase.flow, rn such a situation a general approach to the problem will be suggested.

, For the non-Newtonian turbulent flow the heat iransfęr may be calculated throughthe analogY between heat and momentum transfer [7]. This pń""du.e is common fora Newtonian fluid and was extended to a non-NewtonLn on"'u, 
'ut.rrn.r [7, tl].If we replace the three-phase flow by a simple phase (homog"n.o.r, *oo"lj tn"n *.can follow the Procedure Proposed by Metzner. Metzner tl 1] has obtained a reiationship

between the heat transfer and momentum transfer in non-Newtonian fluids, which in thesimplest form is given by

h fJ)
§r 

- 
J l'

CoVp 1.20+l1.8łfl2

where / -- Fanning friction factor which may be obtained from Fig. 7 representing thegeneral friction factor versus Reynolds number diagram,

(54)

(55)

(56)

n' - flow behaviour index,

Tw - shear stress at thć
lC' - consistency index relation,

tube dó11,

which is defined by

/8V\"',-:K'\, 
) 

. (57)

The values of n' and, K' maY be obtained fronr a tube viscometer, measuring the tube shear 
,stress in the laminar flow versus the rate of strain dvldr [7l. The shear stress and the rateof strain may be expresse<J as

lpD dV 8V,-:ź-, 
,lr: D, (58)

u'here lp - pressurc drop in iube viscometer, L _ distance over which the pressure is
measured,
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Fig. 7. Friction factor versus. generalized Reynolds number

Having relations (58), the values of n' and K' may be found from (56) and (57), and

friction factor/from Fig.7. The value of friction factolenable us to get Stanton number

and heat transfer coefficient from the equation (5a). In this equation the density and the

specific heat should be weighted averages. Comparing the proposed method for non-New-

tonian fluids with the methods for Newtonian fluids one can see that a use of this method

must be preceded by experimental investigations to estimate the flow behaviour indices,: tl'

and K'.It must be notęd herę thit these indices depend on the shear stiess r. so in order to
calculate heat transfer one must first know the pressure drop during the fiow.

4. Conclrłrling R.emarks

A method for the heat transfęr calculations in a Newtonian and non-Newtonian

coal slurry ff,ow has been proposed. It has been adopted from the homogeneous flow'

model as used commonly for two-phase fl_ows.

This method should be verified experimentally fol various kinds of the coal slurry.

It should be expected that the coa1 slurry with a high amount of coal will exhibit very strong

non-Newtonian behaviour. For this case the use of the method as presented in this PaPer
must be preceded by measurements of the flow behaviour indices n' and K'. For the ambięnt

pre§§ute and temperature tlris may be done very easy in a tube viscotneter or a pipe.

Receired by the Editor in september !977,
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Określenie wymiany ciepła podcza§ prz€pływu pa§ty węgtow€j

streszczenie

ZłoŻotY nechanizmwymianyciepła podczas przepływu trzyfazowej pasty węglowej (węgiet, olej,
gaz) rozwaŻono analitycznie. ZakładĄąc, że pasta węgtowa posiada własności cieczy newtonowskiej
zaadaPtowano do tego Przypadku dwa modele obliczeniowe, stosowane dotychczas w przepływach
dwufazowYch gaz-ciecz, a mianowicie jednorodny oraz poślizgowy model przepływu. obliczenia wy_
konane w'PIacY wskazują, iż zaadaptawanie jednorodnego modelu przepływu bęózie bardziĄ uza-
sadnione z uwagi na małą zawartość fazy gazowej,

Ten sam model PrzePływu może być również użyty dla nienewtonowskiej pasty węglowej. W tym
PrzYPadku jednak dwa Parametry charakteryzujące pastę węglową, tzn. n' i K'zdefiniowanć przez
zaleŻnoŚci (56) i (57), muszą być przedtenr wyznaczone na drodze eksperynrentalnej. Mając wartościn'i K'o|az stosując analogię między wymianą ciepła i pędu przy założęniachjednorodnego modelu
PrzePłYwu, otrzYmuje się zależnoŚci na współczynnik wymiany ciepła w przepływie pasty węglowej.

Onpe4ełenue TeItJIoodMeHa IIp[ Teq€Hulł yroJlbnofi [acTbl

Pe3IoMe - 
\

Oqełrł, cnoxHrrł MexaHIł3M rerrłoodMega nplł TeiIeHIIa rpex(Pa:rroft yronBHofi nactrr (yrorrs, vacro,
ra:) PaccYxgaeTc' aqanlłTvqecrtrł. flpegnprłHllMar, qTo yroJlErta, nacra o6na.qaeT cBoficTBaMIł HLIoToHoB-
cxoń xrł4xocra, nPrłcnarłnarorc-f B 3ToM cfiyqae ABe pacqeTlrblx MoAeJnł, npI,lHIłMaeMLIe go crłx no'p ortło_
cl{TenrHocTblo geyx(PaaHrrx reqerłuż ra3-x}I.41{ocTb.

3ro ec:rr: oEI{oPoAHa' I1 cxoJ]b3llua, MoAeJIIł Te{eHI{r. Pacqerr,r npoBeAeHHhIe r sroił pa§ore noxa-
3B]BaIoT, trro [PIłcBoeH[e oAuoPogHoŻ MoAe;lv Teqenrg,Błrercg 6o,ree o6oclr{oBaHlibtM c yqeTa Ha H].l3xoe
aogep)KaHfie rasorofi (!asri.

3ra xe caN,Ia, MoAenL, TeqęHI.t, Irłoxer 6rtrr npllMegena Tarxe il oTHocŁTęJIbHo HeHbIoTotIoBcKofi
Yronr,Hofi nacrrr. B 9ToM oAua(o cłyqae .qBa napaMeTprl, xapa(Teplł3yloull,re yroJILHyIo nacTy, T,e. n' l K',
onPeAeJleHHbIe 3aBI,{cIłMocTrIMlł (56) u (57), AoJTxHLI 6rrrr paHrrue onpeAeJIeHbI 3xcIrepfiMeHTaJ]BHo,
3HaqsrraYenłs n' u K'[ rrons3y{c6 ałłalorrłeź MexAy Tellloo6uenow rł o6verrou L{Mtrynbca, npfi [peA-
IIoJIoxeHIłIĄ ogrropo.ąuoft Mo.qeJiIł TeqeHl{fi, fioJlyqaeTcfl 3aBncI{MocT6 ua xoaÓÓłrqreHr rennoo6ueHa
B TeqeHtllł yrorrrrłoź rracrrr.


