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The effects of sinusoidal protrusions on steady laminar free convection between
vertical walls is investigated in this paper. Numerical results are presented for
various values of the size and spacing of the protrusions. In particular optimum
values are found which yield maximum wall heat-transfer coefficients.

1. Introduction

One of the major problems occurring in the design of oil or gas-fired boilers is
the realization of the optimum efficiency of the heat-transfer process under
specified external conditions. Increases in the rate of heat transfer of such systems
may be effected, as in common practiee, by the attachment of fins, studs or other
suitable protrusions to the wall of the boiler. The choice of such asimple expedient,
however, raises the following question. What are the optimum values of the size
and spacing of the protrusions? A complete answer to the above questions would
involve many aspects of the particular heating system chosen but, nevertheless,
gives some motivation to the present theoretical investigation.

The problem to be considered is that of the motion which occurs when a fluid is
contained between two corrugated walls, the surfaces of which are maintained at
constant, but dissimilar, temperatures 7}, and 7. Specifically attention will be
given to sinusoidal walls defined by

y = +d{1 +esin (0z/d)}, (L.1)

where the axes of z and y are as given in figure 1.

The parameters ¢ and w are a measure of the height and spacing of the pro-
trusions; their amplitude and wavelength being ed and 27d/w respectively.

It is supposed that the convective motion is two-dimensional and that the flow
is laminar. It will be further supposed that the cavity between the walls is of
sufficient extent for the flow to be assumed to be fully developed and periodic in
the « direction.

This flow, in which the fluid rises up the hot wall and falls down the cool wall
does not, of course, simulate the physical situation of a cooled up-flow occurring
in the heating section of a boiler. Instead the above model is useful in a theoretical
investigation into the effects of protrusions on a flow whose characteristics are
known a priori. This particular flow configuration, in fact the case € = 0, corre-
sponds to the flow between plane vertical walls and has been studied extensively
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by Ostrach (1964). In this fully developed counterflow heat is transferred across
the gap by conduction alone and the motion is entirely controlled by a balance of
the viscous and buoyancy forces.

Ficure 1. Geometrical configuration.

2. Analysis

Following Boussinesq (1903) the equations governing steady free convection
are simplified by assuming that: (i) The temperature difference 7'— 7, is small
compared with the absolute temperature 7,,,, which is taken to be the mean of the
wall temperatures Ty and 7. (i) All physical constants of the gas are independent
of the temperature and allowance is made for variations in density only in the
calculation of the body force. (iii) The fluid is incompressible and viscous heat
dissipation may be neglected.

If 4 and » denote the vertical and horizontal velocity components in the z and y
directions, the equations expressing conservation of mass, momentum and

energy are:
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T »V2p (2.3)
aT oT
— = 2
and U -+ P EVRT. (2.4)

Here p is the density, » the kinematic viscosity and & the thermal diffusivity, all
evaluated at the reference temperature 7,. p is the dynamic pressure and is the
difference between the actual pressure and the hydrostatic pressure (in the
absence of heating). Consequently, on employing the equation of state for a gas

P—Pm _ _T_'Tm

youl 7t (2.5)
the buoyancy force term is as given on the right-hand side of (2.2).
The boundary conditions for the channel shown in figure 1 are
u=v=0 T=T, at y=—d(l+esin(wz/d)), (2.6)
w=v=0, T=7T, at y=d(l+esin(wz/d)). (2.7)

Equations (2.1)-(2.4) may be expressed in non-dimensional form by the
introduction of the following variables

Yy g_ T_Tm)
x=2 v=Y 4- 2(T1_T0.

We also define a dimensionless stream function , with the aid of (2.1) by the
relations

(2.8)

_voy . voy
—‘—i-—a?, ’D——Ea—X—. (2.9)

The equations of motion then become, on elimination of p,

V4I/r+a&bxv;¢;) G— =0 (2.10)
and ‘. V20+Paa((;’g ?,) 0, (2.11)

where P = vk is the Prandtl number and G = (gd®/v®) (T, — 1)/ (11 +Tp) is a
Grashof number based on half of the mean distance separating the walls,
The appropriate boundary conditions, for all X, are

oYleX = offdY =0, O0=F1 at Y = +(l+esin{wX)). (2.12)

It is convenient to introduce the following transformation of the independent
variables.

£=X, 5= Y/[l+esin(wX)) (2.13)

This affords great simplification of the boundary conditions since the space
between the corrugated walls is transformed into the region bounded by the two
planes 5 = + 1, for all £.
Expansions of i and & in powers of € are a natural consequence of the above
3-2
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transformation. Since the flow has been assumed fully developed the zeroth-order
functions will be independent of £, and so we let

¥ = Yro(m) + (8 m) + Pl m) + o (2.14)
and 0 = O4(n) +€0,(&,7) +€20,(&, 1) + ... (2.15)

These expansions are inserted into the governing equations (2.10)—(2.12) and,
after employing (2.13), coefficients of successive powers of ¢ are equated to zero.

Zeroth-order equations in g and 6,
These are governed by

ad%yro/dn*+ Gdb,jdn = 0, (2.16)
and d?0,/dn? = 0, (2.17)
and are subject to the boundary conditions:
Yo=df/dyp =0, 6,=F1 at n=+1, forall ¢ (2.18)
Their solutions are
Vo) = gG(*—1)2 and 6Oy(n) = —19. (2.19)

This implies that the velocities occurring in the flow between plane vertical walls
are of the order of gad?(T, — T,) /v(Ty + T;), giving a balance between the viscous and
buoyancy forces as previously stated.

First-order equations in yry and 0,

Equating terms of order ¢ yields, on employing (2.19), the following equations:
of 2
4 1 1Q(n3—n)— (V2

+@ % = $G'sin (wE) [w2(n2 — 1) — 402(692 — 1) + 18]

+ 356G cos (wE) (° — ) [wy*(? — 1) — 6%+ 2], (2.20)
and V20, — P[ v %G(?ﬁ—?])%%l] = w2 sin (wf). (2.21)
The relevant boundary conditions are

ph=alon=0,=0 at yp=4+1, forall ¢ (2.22)

Intuitively the flow may be assumed to be periodic in the # direction, which is
equivalent to supposing that the flow can be analyzed as a Fourier series in that
direction. It suffices to let

¥y = f1(n) sin (w8) + fo(7) cos (wE) (2.23)

and 01 = g1(n) sin (w€) + go(7) cos (wf). (2.24)
The resultant amplitudes, f; and g;, satisfy the equations

Ly(D,w,G,f;,q;) = $Go*%(n? — 1) — 40?(697 — 1)+ 18], (2.25)

Ly(D, 0,6, f;,9;) = 550G (° — 1) [0*p*(n® — 1) — 692 + 2], (2.26)

M,(D,w,G,f;,9;) = vy, (2.27)

and M, D,w,d,f;,9;) =0, (2.28)
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where D denotes the differential operator d/dy. The boundary conditions are
filx1) = Df(+1)=g;(+1)=0. (2.29)

This system constitutes a twelfth-order boundary-value problem since the
homogeneous parts of the equation are given by

L, = (D?— w?)2f, — 0Gyfy + GDg, + 300G (9® — ) (D2 — w?)fs, (2.30)
Ly = (D2 — w22 f, + Gy f, + GDg, — 3G — n) (D? — w?)f}, (2.31)
M, = (D%~ w?)g, + wP(fs+ 3G (1% —1)gs). (2.32)
and M, = (D? — w?)gy— 0P(f; + G (0* - 7)9,)- (2.33)

The amplitudes f; and g; will, of course, be indeterminate if there exist eigen-
solutions of the coupled system
L, =M =0, (2.34)

which satisfy boundary conditions (2.29). The existence of eigensolutions of (2.34)
has been verified numerically and these indicate a lowest critical (w — @) relation
of the form

F(0,G) = 0. (2.35)

In practice the critical values would also be expected to depend on the amplitude,
as well as the frequency, of the corrugations. Such behaviour would most likely
occur when € = O(1) and may be assumed negligible for sufficiently small e.

For values of w and @ in the neighbourhood of (2.85) the first-order corrections
will predict large increases in velocity and heat transfer; clearly this situation is
unacceptable from a physical viewpoint.

When (2.35) is satisfied the first-order terms become singular and these
singularities will be propagated into the higher-order terms. Consequently the
problem is then one of singular perturbation theory and the critical values
correspond to a discontinuous transition from one mode of flow and heat transfer
to another. Due to the complexity of the basic equations both numerical and
singular perturbations approaches seem intractable.

The failure of the expansion in the present analysis may be taken to indicate
the presence of an unstable flow régime. In fact the critical relation (2.35) also
pertains to the problem of marginal stability of the convective flow between plane
vertical walls, maintained at temperatures 7, and 7. The equations governing
this flow are as given in (2.10) and (2.11) subject to the boundary conditions:

oyjoX = afoY =0, O=F1 at Y =+1, all X. (2.36)
These yield the steady fully developed solution
¥ =4G(Y2-12, §=-7. (2.37)
As is usual, in linear stability analysis, we set

v=y+y*, 0=0+0% (2.38)
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Assuming that products of the disturbance components are negligible, the
perturbation equations in ¢* and 6* reduce to

o* @ 0 00*
WA _Z (Vs 2, /% —
V¥* 1+ GY X (Y )aX(V W )+G6Y 0, (2.39)
oy* @ 00*
20% __ 3_ =
and V26 P( <6 —(Y3-— )aX) 0. (2.40)

The disturbance is now assumed to be periodic in the X direction and decomposi-
tion into normal modes yields

U*=9y(X,Y), 6*=0(X,7), (2.41)

where i, and 0, are given by (2.23) and (2.24) and satisfy the homogeneous
system (2.34) subject to the conditions given in (2.29). Thus, as previously stated,
the critical values for marginal stability correspond to those evaluated in (2.35).

Second-order equations in ¥, and 0,
Equating terms of order €2 gives

3 3 G
Vi + Gy =7 6% G(ﬂ“‘—n) [aag%:gf;zb [3"? cos (wE)w &= 7%(n? —1)]
63%

Lag2677+ e +sm (w§) = n{w2(277 -1)— 9}]

- [%—sin oty g ()]
<[

| 98
. oy, P o, [P
+Sln(w§){—4a—na-—4@€2@”2+2w i [

'ﬁ 31# Py oYy
P an1+ = )[ oy 3“’277525%]:

" PN 3
+ cos (wf) { 4y [ :g?g;; +5 7 ;&7713] anz% 802 vy

3 0
+w§772(772—1) [Z:}?+3%—wza§?] —'(77 —7) 3;?21}

+sin (20g)o T3 (17— ) (% 18— 5) — 577+ 1)

X

+cos (wf)w = {w2772 —1)—2(692 — 1)}]

&Y
on® +3 52377]

4402 ——=

2y
— 3 1
o e T ey

G ot
+ cos (2wf) 5|3 73(18972 — 11) + 40%(89%2—1)—9

o0

Gl _ 0 aos 2,2 ] 0, . oty
+ [— 37 22 —~1)+8w*p2+ 9|+ G P —sin (wf)@ P =0, (2.42)

2
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and also
. G 80, o 00,0y, 00, 0¢%
29 P~ —2_p-re A7 1771
V- P o) TP -
e 00 6 20 oy 00,
+ 9 1_ ]+P 1 P— 3_ ]
sin () |y 2 TePL -G
—cos (w§)2wn A 302 cos (2wE) — 1wy = 0 (2.43)
ag a,'] 2w 0% . .
The second-order perturbations, ¥, and 6,, can be expressed as
Ve = fa(n) +14(n) sin (20€) + f5(7) cos (208), (2.44)
0z = g5(n) + ga(1) sin (208) + g5(7) cos (2wf), (2.45)

where the f; and g, satisfy an eighteenth-order system of inhomogeneous linear
equations. Note that the equation for g4(7) does not contain the other second-
order functions and is given by

D?g;— D?g, — }w®y + 0Pf,) Dg, — 30 P(f, + g, Dfy — 9, Df; — f1 Dg,)
— H0PG(® —)g,— oy = 0, (2.46)
to be solved subject to gs(£1) = 0. (2.47)

For brevity the equations governing the remaining second-order amplitudes
will not be stated. However, an important feature of these equations is their
singular behaviour for values of w and G given by

F(20,@) = 0. (2.48)

Moreover, investigation of the singular behaviour of the higher-order pertur-
bation equations yields, for the mth-order terms, the more general relation

F(mw, ) = 0. (2.49)

The perturbation expansion, due to the complexity of further analysis, is
truncated at this point.

3. Numerical solutions

The equations governing the first- and second-order amplitudes have been
solved numerically for air (P = 0-72) for various values of w and @. Since these
equations are linear the method of complementary functions may be employed,
one particular integral and as many complementary functions as are necessary
being found. The integration procedure used was Merson’s modification of the
Runge-Kutta process. Both these methods are described by Lance (1960, ch. 3).

Solutions have been obtained for values of win the range 0-5 to 2-0 and for values
of G below 1000. No difficulty in performing the integrations was encountered
except that they become more time consuming as @ is increased. The method of
complementary functions breaks down at a critical point and this provides a
suitable criterion for their determination; the results are displayed in table 1.
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Some of the figures shown here were produced on the line printer of the com-
puter. Each function to be displayed is first scaled so that it lies in the range 0 to
10. Contour bands, correct to the nearest integer, are then plotted with odd
values being shaded by the appropriate digit and even values being left blank for
clarity.

© 0-50 0-75 1-00 1-25 1-40 1:50 1-75
(min)
G 1050-7 726-1 579-6 513-6 5021 507-1 605-2

TABLE 1. Critical (w— @) values

800 ¢~

700 L

600 -

500 i~

400 [~

300 ] 1 | ]
0-0 0-5 1-0 1-5 2:0

w

F1aure 2. Critical (w~— @) values.

4. Results and discussion

It has been established that the minimum critical Grashof number of flow
between corrugated walls of small amplitude occurs at G = 502-1 with & = 1:40
which, as shown in §2, correspond to the critical values for marginal stability
between plane vertical walls. Vest & Arpaci (1969), in a recent investigation on
the stability of natural convection in a vertical slot, have shown that, for the
relevant conduction régime, the critical values for marginal stability are v = 1-33
and G = 492-5t. Their method of solution entailed the replacement of ¥ and 0 by
truncated series of orthogonal functions. The values quoted in the present paper

T Note that in the work of Vest & Arpaci (1969) their wave-number, in our notation, is 2w
and their Grashof number is 16 4.
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were found as a result of direct numerical integration of the first-order pertur-

bation equations and are believed to be more reliable
The perturbation expansion in the present problem yields critical curves of the

form

F(mw, G

)=0

R NI Ay 1133930 33331 19333020
33358 2453% EERiE] 111104y 333315 339345
35083 g 13941 333313 3533853
a3 mn 11335111 3333333 333933
3313 yanmn 10930y 391133 33339183
15153 1y AT 13553313 3333311890
1843 LT 1183439 1543339383
51433 T 131340 3353 3333
pr AT 335334333 333355935333
333383 "y 1 5533530 533333393
3333853 ninn 33333833 3 33333
3953 31333038 3532355535533533349
3n19338y 33333100y 53335333333335333533451544350
113343398 3353133303 33233353513593333343435555353333,
335133351393 315313135533) 33355333135585359339235231333352953000
AIIITTAATNS 0302008
$35111913313335353888 33333123383 s
GBI 3558853333 333333333800
3335333335 i
3353333333 eoxyreryvirEIeIIY 533333533
533333308
. ey 3333251300
Iy 353913380
rarr 13143388
Terravery 18841383
pg¢ Pty 33333532
FrErYrIEY v RTINS ey 353333800
oy ieiiiitod B e e 315339880
3 iy
#3533593353%3% erzpirerny PyeIPUVER IS TR TIYRY O
900949990529 7PRIY Y
9

=3333.

133930

TraarTRITYIVITIIIIE
777110770

reervrrITY
rpmn

rrer

2353838

e A R taie edtsse cchdddsieseed
»p7 rrrer

Halitiisiicitaastd

Tenmyr
23383853 uummnmmmmmnu
PR EOTITIITIIIINT 593533333
atiiin s 5385333335
$393353883
3339338333 3333333
13535353335 333339533813353503381
253 338439333333 PRt
I HIREEE EE T
pa e 3133885 33391138
335334234 344113533 3313333331 113353, 53
Rt Eren 33353 733923385 g
555 215355333 nam i ittty 3333 "y MO
333390333 ¥ N 3 MWHI NI
#3333333933333% 333335538 UM g +3232333030385858188 1111
0352533533395 prng ) 111811y 318 11191
¥393323328% 3311 1411 s 331 1
4333333, 3155133 DRI NI 8 rieTy
2353 35338 T MG 35 115
ehgsssy 3330333 Bistiitny i 3nn 3
pristess 134363 a1y 14 s
2335331 133333 " A {1 IINBIBIILHT
Jeistrred 553153 et Il 311 31AIERI53
ety 3335 wnags 1141110 23333 3TN
333358 331 AR it 331313 0 srzane
B 1 R iy 135338 21333335
333335 3518 1130 AN 353933 > S
ety #E pi 111131194 3333538 s {1
prevernd 31338 niniing 3230 41 333930
335483 131 g 1131112 1313337 31 [P
e fnm I T 333433 133355353530 spmniain .
2332333 132 TININIUTTIHAN 31333338 3333033188800 3393333351
13335 333333 AN 31333833 3333325453 43830
prreres nIN s 133333038 53339539050 mummmu 310
333533 38333 an 33253143 333353939358
23533533 333353 333333 33343349333133 n 19” 321
4333542 s 3313336935 S,
03134358 s 1333573588 $334393333555393315539338593058 20 iy
a33iNs WS  $ITIUIENIN usmmmmumsmmuumm- yirnry
3s388ss 3113113333333333I383891303 355333553935 335343533933358 7777227
339383853 MNI511353I88I03E 33801533839 [ rreverery
33535238y 333313530033 4335953533 335539338 icesiiad
23539133335 3533585533 333554338 iy
+5333 3139058 15333333355 rrrrrrIIIITYYITYY 19335 e
35538533 313933833530 VNI 35339%: rEevrrY
s 3313353 it
phsh s Mt fa il $113151 ficasd
3133 T b 72027
Hie 338388880 wtsy > e
333491 *33553855 343438330 mr
7
e
rrrorriny : 4353335338 ey
Ty 493535553 rr
iy et $A59353308533355: »ry
102778 393333333931383
rrrerez Py 2333033584335 3
pratn
313033830
[
$3322343; W 4
35835 RHMH rererrrreeeTty
SRR 333333339
)unnuuuuuuuunlnnuu 353333398 iy
RIROT 1133 3331333950
3333 it 333453838459 1933t
331383393 i .
B
13318434 1313309
nnnunuuuu »
hnnnsn
U
M muuummmn
JRY BRIn AL
r s
20y Eateeteet e
ey T 140, Jurn
TERETIIITIITIITISTIIIIOTY $330533843583 N Win
faseiictis st 3333339 Ry 100431
ISIIEINE EHiith]
3383599325 335311333333 33333 Uiy
Bl 335 3LINIINIG sun 1111
33417378139 13555335 lunnmmummmn > 1131558 1113114
.mmmmssu;mxmummmn 313E1RIN, IALI311Y s: nnun 1111
T T - 333 s Tt
S5 BRI ne 1
N3 3533385 PN T
nnn 3 IR 251331
na 23395833 S35 T 3135333
1 33333333033 Lisiss g 1335338
it $331308551383538958533852% pi T M 3333333
138 3333353333333 nms fntey
213 -, $333538134550385 35131 3331383
s 333391334588 3134, 130113 313338
i 233353538 3 333 S
iy By 5333948 3333
11318 3133583 333833 mmmmuuu um 1133
i 3 *93533 k4144 193938 pHs iy 3.
BET . $3EIMe st rerprrTTIITYIY 333338 fHH 11330

(@)

F1cURE 3. (a) ¥, plot and (b) 6, plot for w = 1-5 and @ = 200
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which indicate the possible existence of instabilities in the flow for values of w
and @ above the union of these curves (see figure 2). For this reason a description
of the numerical results will be confined to the region below this curve.
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F1GURE 4. (a) ¥, plot and (b) 6, plot for @ = 1-5 and G = 200.



Laminar free convection between vertical walls

Velocity and thermal profiles
Before examining the stream function and temperature distribution it is advan-
)

tageous to examine the computed perturbations (y,,6,) and (¥,
® = 1-5 and various G. For convenience all of the plots shown embrace two

complete wavelengths of the wall geometry
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The main effect of increasing the Grashof number was found to be one of
magnitude, since the shapes of the profiles are nearly identical. The case of
G = 200 and w = 1-5 is displayed in figures 3 and 4 and in table 2 maximum and
minimum values of the perturbation functions are given. It is of interest to
mention that the shape of the components ¥, and 6, in the next mode region
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(G > 500) are of the same art form as those displayed, but the relative positions
of the maximum and minimum values are interchanged

In the following isothermals and streamlines are discussed for the typical case
w = 1-5 and ¢ = 0-15 for various G.

For small G the isothermals will be on contours parallel to the walls, with a slow
flow wrapping itself smoothly around the corrugated boundaries. In this case the
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F1gURE 7. (a) ¥ plot and (b) 0 plot for ¢ = 0:15, @ = 1-5 and G = 300
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mechanism governing the flow and heat transfer is, as in the case of smooth walls,
controlled by a balance of the viscous and body forces and heat is transferred by
conduction alone.

On increasing the Grashof number the first effects of the protrusions are seen in
the appearance of vortices symmetrically placed in the cavity; see for example
figure 5 (a) for G = 100. At this Grashof number heat transfer by convection is still
unimportant as seen from figure 5 (b).

\31013 type ¥ 0, 2 O,
(6]
50 +4-29 + 0-88 —3-67 +0-33

0-00

100 + 8-27 +1-50 —16-71 +1-36
0-00

150 +12:54 +1-95 —43-80 +2:78
0-00

200 +18-03 +2-44 —96-34 + 494
0-00

250 + 26-00 +3-12 -207-1 +9-00
0-0

300 + 38:60 +4-19 —486-4 +17-66
0-0

TasLe 2. Maximum and minimum of perturbation functions

As @ is further increased, resulting in higher fluid velocities near the walls, the
vortex motion becomes more dominant (see figure 6(a) for G = 200) and this
results in an increase in the role played by convection in the heat-transfer
process. The isothermals thus begin totwist, ascan be seen clearly from figure 6 (),
hot isothermals being displaced towards the cold wall and vice-versa.

It is now clear from figure 7 (a), for G = 300, that the effects of the curvature of
the walls in the vicinity of the neck is to cause the fluid to break away. This
results in an almost stagnant region within the fluid which, when driven by the
primary vortices, produces a weak secondary vortex. In this region conduction
effects, as seen from figure 7(b) clearly predominate. However the isothermals
are considerably distorted in the vicinity of the primary vortex leading to marked
increases in the wall heat-transfer rates.

It thus appears feasible that, for @ > 300, further distortion of the isothermals
will occur. It is clear from table 2, however, that the convergence of the series
(2.14) and (2.15) is doubtful for G > 300.

Heat-transfer coefficients

Finally the effects of variation in w and @ on the wall heat flux are examined.
Since the thermal field is periodic it is only necessary to consider the integrated
heat flux over an area defined by unit width of wall, in a direction perpendicular
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to the flow, and over one wavelength 277d/w of the wall. The integrated heat flux
at the wall 5 = 1 ig defined, for fixed G, by

Qle, ) = -Kfs(VT).dS, (4.1)

where K is the thermal conductivity.

W 0-50 075 1-00 1-25 1-50 1-756 2-00
G\
50 0:878 1-200 1-480 1-666 1-751 1-758 1-725

100 1-741 2611 3-269 3-638 3-698 3-491 3:127
150 2-842 4-220 5-290 5-967 6-091 5612 4-732
200 3-978 5-875 7-640 9-065 9-524 8-616 6-772
250 5-095 7-748 10-92 14-15 15-59 13-70 9-760
300 6-235 10-17 16-26 23-98 28-11 23-35 14-40

TaBLe 3. Fraction increase in heat flux: values of IV /e?

600 —
400
G
200 -
0 1 1 ] 3
0-5 10 1-5 2:0
w

F1GURE 8. Percentage increase in heat transfer for ¢ = 0-15.

In terms of the dimensionless variables

Qe w) J‘ 2njo ] 4 ¢2w? cos? (wE) (80)
—— s = —_— =) d§, 4.2
K(T,—1Ty) 0 1+esin (wg) \oy/,-, 3 (4.2)
since the wall 7 = 1 is an isothermal. Expanding the above in powers of ¢ yields

e 2, 8 (1rors () ~2 (%) )ro]. @
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The dimensionless number N,, defined by

_ Qw(e’w) —Qw(osw)
N = =0, )

is used to compare the heat flux with that for the reference case € = 0 and is the
fractional increase in heat flux. Clearly, neglecting terms of order €4,

dg dyg.
N, = 1¢ [1+w2+(——1) —2(—3) ] 4.5
2 dn ), dn /4 (45)

In table 3 values of N, /¢? are given for G = 50 (50) 300 and w = 0-50 (0-25) 2-00.
In figure 8 percentage increases in heat transfer are displayed for the case ¢ = 0-15.

Considerable changes in the percentage increase in heat transfer may be
observed in figure 8, being much more marked for values of G near the critical
value. For a given increase in the heat-transfer rate the process of heat transfer
between the walls will be most efficient at the lowest possible value of the Grashof
number. The optimum values of (w, G) are thus given by the locus of the minimum
of the (v, @) versus N, curves. This locus has been indicated in figure 8 by the
dashed curve.

(4.4)

One of the authors (A. W.) is indebted to the Science Research Council for a
maintenance grant.
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