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Since the constant a is just a multiplicative scaling factor,
one expects that, for various values of , a linear correlation be
found between (£ — 1) from Rathjen and Jiji and the present
¢,(n) with « = 1. The constant of proportionality effectively
determines the actual value of «. Now although equations
(28)(32) appear somewhat complex, the calculation is in fact
very easy. The integrals of the complementary error function,
the Hermite polynomials, and the B, themselves, can all be
calculated iteratively in n, and the series evaluated term by
term. For # = 0.1, it was found that the difference between
taking 10and 20 terms was in the fourth significant figure, so 20
terms were considered sufficient for a rough comparison. For#
in the range 2.25(0.05)2.8, a correlation coefficient 0f 0.999 was
found, and the regression gave « = 0.18(5), with a very small
intercept at about 2 x 10, which should in theory be zero.
Note that taking too large a value of n for comparison gives
insufficient difference from the Neumann solution to rely on
with any accuracy, and too small a value will be affected by
higher order terms in the asymptotic expansion. Given this,
the agreement is clearly very satisfactory, and bears out the
form of the solution. The results are presented graphically in
Fig. 2.

5. CONCLUSIONS

The leading term in the asymptotic approach of a two-
dimensional Stefan problem to the Neumann solution has
been found,in aform amenable to calculation. Agreement with
available numerical results for the case of a right-angled corner
is good.
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APPENDIX

The following results are needed in the foregoing analysis.
The proofs are straightforward, and so are omitted. If

I =f ne™™ Hyn) dn (A1)
then
Jy=+n and J,=0, forn=023,4,.. (A2
If
I, = j [1—(erf n)*]H,(n) dn (A3)
then
I,=0 ifnisodd
and
—1)"2p}
(=1y"n if n is even. (A4)
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NOMENCLATURE

covariant derivative of the covariant
acceleration vector a;

o

c, specific heat

d;  strain rate tensor

d?  mixed strain rate tensor

E Eckert number, Qz3/c(T, — T,)

G dimensionless function of {

H dimensionless function of {

k thermal conductivity

L dimensionless function of {

M dimensionless function of {

Nu, average Nusselt number on the lower disc
Nu, average Nusselt number on the upper disc

Pr Prandtl number, uc/k

g,  heat flux from the lower disc

g,  heat flux from the upper disc

Q. amount of heat transfer from the lower disc

Q, amount of heat transfer from the upper disc

r radial coordinate

Re; Reynolds number based on circulatory flow,
12rpzyv,

Re,, Reynolds number based on net radial outfiow,
m/2npzyv,

Re, Reynolds number based on the gap length z,,
Qz3/v,

T temperature

T*  dimensionless temperature, Tc,/v,Q

T,  temperature at the lower disc

T* dimensionless temperature at the lower disc

T, temperature at the upper disc

T¥  dimensionless temperature at the upper disc

u radial velocity

U dimensionless radial velocity, u/Qz,

azimuthal velocity

covariant derivative of the covariant velocity

vector v;

v  covariant derivative of the contravariant
velocity vector v™

vV dimensionless azimuthal velocity, v/Qz,

w axial velocity

W  dimensionless axial velocity, w/Qz,

z axial coordinate

Zy gap length between the lower and upper
discs.
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Greek symbols T sum of the parameters z, and 1,
4 dimensionless axial variable, z/z, Ty  stress tensor
0 azimuthal coordinate 7;  mixed stress tensor
u,  Newtonian viscosity ¢ dimensionless function of {
u,  elastico-viscosity o viscous dissipation function
Ity CTOSs-viscosity ®*  dimensionless viscous dissipation function
vy kinematic Newtonian viscosity X dimensionless radial variable, r/z,
vy kinematic elastico-viscosity %o  fixed dimensionless radius, r/z,
Vs kinematic cross-viscosity X1 minimum value of ¥ for no-recirculation in the
p density of the fluid case of Re,, > 0
T dimensionless parameter representing the X2 maximum value of y for no-recirculation in the
elastico-viscous effect, v,/z3 case of Re,, <0
1,  dimensionless parameter representing the '] dimensionless function of {
cross-viscous effect, v,/z2 Q angular velocity.
INTRODUCTION

THE PROBLEM of the fluid flow between two finite enclosed rotating discs (enclosed in a cylindrical casing) or shrouded discs has
important engineering applications as its generalization could be helpful in the study of heat transfer analysis of air cooling of
turbine discs [ 1, 2] and the determination of the oil film temperature of pedestal bearings with centre feeding of lubricant [3]. Soo
et al. [4] investigated the nature of heat transfer from an enclosed rotating disc. Sharma and Agarwal [5] reconsidered this
problem using animproved formulation suggested by Sharma [ 6]. The fiow of a non-Newtonian second-order fluid between two
enclosed rotating discs has recently been considered by Sharma and Gupta [7].

The present note is an attempt to study the heat transfer in the problem considered by Sharma and Gupta [7] in the following
two cases:

(I) when the discs rotate in the same sense;;
(II) when the discs rotate in the opposite sense.

FORMULATION OF THE PROBLEM

The constitutive equation of an incompressible second-order fluid as suggested by Coleman and Noll [8] can be written as

T = 2,4+ 2pze+ duadid,,, m
where
d;= %(Ul.j"'vj,i) ?2)
and
ey =Ha;+a, )+, ;. €)]

In a three-dimensional cylindrical set of coordinates (r, 8, z) the system consists of two finite rotating discs of radius r,
(coinciding with planes z = 0 and z,) rotating with constant angular velocities s, and 5,9, respectively (where s, and s, are
constant parameters), in an incompressible second-order fluid forming part of a co-axial cylindrical casing. The symmetrical
radial steady outflow has a small mass rate ‘m’ of radial outflow (‘ —m’ for radial inflow). The inlet condition is taken as a simple
radial source flow along the z-axis starting from radius r,,. The lower disc z = 0 is maintained at a constant temperature T, while
the upper disc z = z, is maintained at Ty,

The energy equation describing the transport of thermal energy is

pc,,BD—tT: =kViT+® )
where
® = tidi (8]
The boundary conditions on the velocity profile and temperature are
u=0, v=rs,Q w=0, T=T, at z=0} ©)
u=0, v=r5, w=0, T=T, at z=z,
In non-dimensional form the velocity field is taken as [5]
U= g+ o
V= 160+ o (7)
W = 2H({).
The expressions for H, G, L and M’ as found in ref. [7] are

Re,

H=-5 [sHC° = 50 + 703 + 5305 — 303 4+ 20%) —5,55(20* ~ 504 +40° — ()]

(8a)

HMT 28:1-T
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Re?
6300
—53(2007 — 630> + 350* + BL) — 575,(60L7 — 2800 ® + 44175 — 2800* + 700 ~ 110)
R

3
—sUC =504+ T3 303+ 535,30 — 1004 + 113 — 40— 35,305 = 5L+ 3+ 3] (8b)

G =[5, +{s;—s){1+

[53(2007 — 14005 + 35705 — 4200* + 2100* —270)

2
+525,(6007 — 14008 +21¢5 + 1750% ~ 140> +240)] + 1 g‘ (823 - 303 +20%)

R
L=Re, (7!%) G3{5:(30° — 100* 4+ 100% — 30) — 5,(30> — 5* 4 20)} +- (s, —5,) (20 - 30 + ()] {8¢c)
1
Ré?
4200
+ 526075 — 18077 + 1685 — 29475 + 4200* — 26302 + 890)
—25,5,(607% — 24007 + 238(% + 126{° — 105{* — 2808 + 247(* — 46{)]

Re}
5 5310505 — 595¢* + 11900 — 93972 4 239() + s3(105{® — 6305 + 9807* — 910> + 636{% — 181()

M =6(C-)+

[s2(6028 - 30077 + 58816 — 294¢5 —630(* + 84073 — 263(% —{)

-7

—5,8,(21008 — 63005 4 3850* + 28002 — 30302 + 580)] + 812 Re2(s, — 5, P(5{* — 1003 + 602 (). (8d)
The energy equation, equation (4), takes the form
aT* aT* 1 2T 13T #°T*
u W | = o = + - —— + 5 |+ 0%
( T ac) me,(axz IS )+ ®)

SOLUTION OF THE PROBLEM
Using velocity field (7) in equation (9) and neglecting terms of order (Re,/Re,)* and higher, we get

1 Re, \oT* aT*
—yH - M +2H ——

x Re, ox a
1 92T+« 1 oT*  o°T* 1 4Re,, { Re,
= s e o — + = 24HV m ! G’L’—H”M"
PrRe,[ oy o + a? ] 2[ + Re, (R ' )

R
+487, Re(H*+ HH'H")+2Re, 1, {Rﬁ (6H'LG' +6LG'H" + 2HG I’ + 2HLG")
eﬂl
+(—6H'H"M" —2HH"M" — 2M'H"? —2HM"H" + 4M’G’2)} +487, Re,H"
R
+2Re,, 12{( —3M'H"2—6H'H"M" +3M'G?)+ EEL (6H'LG + 6LG’H")}]

1
+ 3 PLCH? + G+ 1, Re,AH'H* +4H'G'* + AHH"H" + 4HG'G")+ 61, Re (H'H"* + H'G'*)] (10
where primes denote differentiation with respect to . The appropriate form for T* as suggested from equation (10) is

T* = T} + )+ "¢ () (1n

Following Sharma and Agarwal [5] and using the values of H, G, L and M’, the dimensionless form of the temperature is
obtained as

T-T, T*~T?

T,-T, T:-T:
Pr Re

2
= [+ Ty gg0 L1007 —700°+ 1475 ~ 10SC*+ 180) + 3107 ~63¢* + 740 - 170)

—$155(2007 —70{° +84{°—35* + )]+ E Pr[é (s, —s (20340
+ %f)—"‘ {3Pr(s, —5,)(2L° — 60° + 50* — {) = 2{s3({5 —9¢* + 210* — 2703 + 180° - &)
+ 538+ 305 =904 + 1303 — 1202 + 40) + 2s;55(— {8+ 30° — 6L * -+ 70% - 30%)}

1
—{607,(0* — 203+ 207 — )+ 157,(5L* ~ 100> + 80> = 30)} (s, —s,)*} + 3 225, ~s)*( —Z):I» (12
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The average Nusselt numbers on the lower and upper discs are

QIZO
N =7 1k
PrRe? 1 Re,,
= —[E + 1;650 (1853 — 1752 —s;8,)+E Pr{g (52—, P+ o {—3P(s,—5,)* +8s7
H
— 853+ 607, (s, —5,)* + 451,05~ 5,)*} + Z(Zz +x3)(s; “Sx)z}] (13)
and
Q2o
o = 1, — Tk
Pr Re? 1 Re
= ——[1 + 1260(; (~17s2 +18st —s;5))+E Pr{~ 8{52"51)24‘ E"l {3P(s,~s,)*
1
+8s} - 853 — 607,(5y —54)* —457,(s, -5} — 2 o+ Xg)(sz —51)2}] (14)
where
! J' ¥ 2nyg. d (15)
PN TN RXGa
Q 75(12 “Xg) Xo *
and
: j d (16)
= e 2nyg 1
&=w=d ),

are the amounts of heat transfer; ¢,{ = —(k/2o)(@T/80); =0} and qu{= —{(k/2{T/8{) -} the heat fluxes from the lower and
upper discs, respectively.
RESULTS AND DISCUSSIONS

The dimensionless form of radii at which there is no-recirculation for the cases of net radial outflow (Re,, > 0) and net radial
inflow (Re,, < 0), respectively, satisfy the following conditions

au U
I Re,, > 0; (_,_) =0, (—) <9, {n
" o Jrmo  Jo=a
oU ou
I Re,{= —Re,) <0; (—-—) <0, (-—-) =0 (18)
A Jr=0 o Jo=1
Incasel(s; = 5, = 1),equations(17)and(18)show that thereis no-recirculation for any 7 in both the cases of net radial outflow
and inflow as it is almost a solid rotation. In case II (s, = 1, 5, = —1), the minimum and maximum values of y for no-
- T T~
Rem >0 - N
7/ - = . )
00 10k == Rem<0 / -
Rem >0 il
- Repm &0 ‘7,
7 7
- il /
80 22N o-8f ’,
4 ™
4 Y /
[ % —~ /
- 2 % \ o 4 e
o 2 i o / o
|r° [.'1] o N ,/ © "Q 0.6} o / / "
& g 4 Tz=00 \ g Lot 5 Ny o
:':\ H II Ty =2.0 : }0 g 7 Ty =0.0 =
it ) =25 g v =S T2+20 g
& 4o} & =50 =y = o4k 4 Ty 2.5 2
4 I3 »5.0
/
/
20} »
o.2f
0!I 012 O‘ Dl& 0! ] ° ’ ’ 4 -
. &% 3 -8 1. ¢ Q.2 0-4 -6 08 10
g =12/24 w = Z/zg

FiG. 1. Variation of temperature with 7, at y = 20.

F1G. 2. Variation of temperature with 7 at y = 1.



308 Technical Notes

Rem >0
—— - REmMm L0 A

RQm>0
——-*R!m(ﬂ

S0

-40

KT e

i H ] [+] H i i
4 8
'L: r/ZO

Fi1G, 3. Variation of Nusselt number with 1, onthelowerdisc.  Fi6. 4. Variation of Nusselt number with 7, on the upper disc.
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recirculation, namely, ¥, and yx, obtained from equations (17) and (18), respectively, are given by
¥ _ Re(67201% + 2321+ 1)— 6300

1
Re,, 70 Re? 19
X 6300—ReX(6720c2+2321+ 1) 20
Re, 70 Re? )

Hence in case IT at Re, = 0.5 the necessary conditions to be satisfied by the flows that admits certain radii at which there is no-
recirculation, are respectively given by t > 1.91 for net radial outflow and ¢ < 1.91 for net radial inflow.

ForcaseI(s, = s, = 1), the temperature variation with { is linear as is evident from equation (12) and the Nusselt numbers are
constants, equal to 1 and -1 throughout the entire radial region on the lower and upper discs, respectively.

Forcase Il (s, = 1,5, = — 1), Figs. 1 and 2 depict the behaviour of the temperature profile with 7, (based on the relation 7,
= ar,, wherea = —~0.2as for a 5.46% poly-iso-butylene type solution in cetane at 30°C [9]}or Pr = 20, E = 0.02, Re, = 0.5at ¥
=20 and 1 in the regions of recirculation (no-recirculation for Re, > 0) and no-recirculation (recirculation for Re,, > 0),
respectively. Figure 1 shows that the temperature curve is elliptic being maximum approximately in the middle of the gap length
while the shape is different in Fig. 2 giving the maxima near the upper disc. It is found that an increase in 7, increases the
temperature in both the regions throughout the gap length for a net radial outflow while in case of net radial inflow the behaviour
is just opposite and the temperature is less than that in the case of a Newtonian fluid.

Variation of Nusselt number Nu, and Nu, with yinthecaseofs, = 1,5, = —lfor Pr = 20,E = 0.02,Re, = 0.5and y, = Shas
been represented through Figs. 3 and 4, respectively. It is evident that the average Nusselt number on the lower disc is negative
throughout the entire radial region and increases in magnitude with an increase in 1, for net radial outflow while it decreases in
magnitude for net radial inflow {(Fig. 3). The behaviour of the average Nusselt number Nu, (which is positive} is similar to Nu,.
Since Nu, is negative, the fluid is giving heat to the lower disc(at constant temperature T,) due to dissipation [4). Figures 3and 4
also show that the heat transfer from the lower and upper discs in the case of a Newtonian fluid is higher (less) than the second-
order fluid for net radial inflow (outflow) in the entire radial region.

Ifs, = 1,5, = 0,1, = 7, = Oands; = 1,5, = 0, theresults arein good agreement with those obtained by Sharma and Agarwal
[5] and Sharma and Bhatia [ 10], respectively.
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INTRODUCTION

It 1s known that the radiative properties of metals are
intimately related to the surface conditions because the
penetration of electromagnetic waves is limited to a very thin
layer. Hence, surface damage related to polishing processes
and roughness and oxide layer thickness are very important
parameters affecting both total and spectral emittance [1-6].
Further it has been shown [7] that when a metallic surface
undergoes an oxidation process, previous polishing and its
particular technique can considerably affect the oxide layer
growth and therefore the surface’s emittance. As a
consequence, radiative properties of oxidized metals may
largely depend upon the ‘history’ of the sample before
oxidation.

The aim of this note is to investigate the influence of
annealing on total normal emittance of oxidized steel sarples.

EXPERIMENTAL RESULTS AND
DISCUSSION

Total normal emittance tests have been carried out by the
experimental set-up shown in Fig. 1 and previously described
in ref. [8]. It allows a direct comparison of the total and
spectral radiances issued by the surface under test and a
blackbody cavity.

The two radiances are alternately focused onto the entrance
slit of a grating monochromator by means of a system of
mirrors L;, L,, Li;. A high-vacuum Hilger—Schwartz
thermopile collects the radiation emitted by the sample surface
and by ablackbody cavity. A P.A R.lock-in amplifieris used to
measure the thermopile output.

Sampter holder
Mirrors of the

cotlimating system

L, L,

=1

Blackbody cavity

L»

The size of the blackbody opening (1 x 6 mm) and the cavity
dimensions yield an estimated apparent emittance 0of0.99. The
temperature difference between the sample and the blackbody
cavity is held within 1 K by means of an automatic
temperature controlling system.

Before the test the experimental set-up was checked against
spectral emittance standards (NBS). The difference between
the measured and certified values fell within the standard
deviations specified by NBS in the wavelength range 1-7 um.

Since the oxidation rate of a metallic surface is strongly
affected by many parameters such as physico-chemical
characteristics of the material, oxidation, temperature and
surface status, it is very important, in order to study the
influence of annealing, to control the surface finishing as much
as possible.

In ref. [9] it was shown that the total normal emittance of
this steel after oxidation in air was influenced by the initial
surface roughness. An extremely low oxidation rate was
observed on a polished mirror surface compared with that on
surfaces with a greater initial roughness. On the other hand the
same initial roughness does not involve a similar oxidation
rate. In ref. [7] anincrease of the average emittance by a factor
of about 2.5 was observed when the sample surfaces were
polished to the same final roughness by an industrial or a
metallographic procedure. This effect, ascribed to surface
damage can be removed by a suitable electrochemical
polishing process.

In order to study the effect of annealing on the total normal
emittance of oxidized steel, two series of ten samples each were
obtained from a rolled-mill plate of AISI 316 L steel, and one of
them was annealed at 1350 K in an argon atmosphere for 1 h.

All the specimens of the two series were then mirror polished

Detector

Focusing
=0 mirror

Fi1G. 1. Scheme of optical system.



