Chapter 6

Experiments with annuli of
variable depth.

Measurements with a flat base, and both insulating and conducting barriers have
shown that the n and (-circulations play significant roles in heat advection in
fully blocked annulus systems. However the role of the eddies which appear at
higher values of § has not been determined.

This chapter aims to test the hypothesis that heat advection by eddies ac-
counts for the difference between the measurements of heat advection, and the
heat advection calculated for the n and (-circulations. If this is the case, then in
a system where no eddies occur, the measured heat advection should be the same
as that calculated for the n and (-circulations.

The experiments described in this chapter used fully blocking insulating bar-
riers with two types of sloping bases. Previous work (Hide and Mason (1975),
Mason (1972), (1975) and Hide (1969)) has shown that sloping bases can be ef-
fective in suppressing the formation of waves in unblocked annulus experiments.
Increasing {2 tends to constrain fluid particles to move on surfaces parallel to the

lid and base of the apparatus, as Mason (1975) puts it,
‘At more rapid rotation rates the vertical stiffness of the fluid increases

and the presence of the boundaries is felt throughout the interior of
the fluid (cf. the Taylor-Proudman theorem (Greenspan 1968)).’
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Only fluid trajectories at certain quite well defined angles to the geopotentials
in the fluid can release energy by sloping convection. Thus a base which constrains
fluid particles to move at angles (as above) other than those which can release
energy through sloping convection can prevent it from occurring, Similarly a
different choice of sloping base can encourage fluid particles to move at an angle
appropriate for energy release by sloping convection, and thus stimulate it.

In general fluid trajectories which make an angle to the geopotential sur-
faces in the fluid, which is less than the angle to the geopotentials made by the
isotherms, may release energy by sloping convection. In practice the experimen-
tal technique seems to be to choose sloping bases which make about the same
angle to the geopotentials as the isotherms. Bases which slope in the same sense
as the isotherms tend to stabilize the flow at low Q and destabilize it at high
0, unless the slopes are very steep, in which case they always stabilize the flow.
Bases which slope in the opposite sense to the isotherms tend to destabilize the
flow at low Q, but to stabilize it at high 2. Further details about the effect of
sloping bases on baroclinic instability should be sought in Mason (1975).

The bases chosen for the measurements made in this chapter were designed
by D.W.Johnson, they sloped in the opposite sense to the isotherms. This was
because the waves seen in the full thermally insulating barrier experiments (chap-
ter 3) were quite weak, and it was felt that either suppressing or stimulating the
waves could lead to some interesting results. However it is perhaps worth observ-
ing that since the transition for the onset of the waves occurred at much higher
{1 than for an unobstructed annulus (see Figure 3.1), such a choice might be
regarded as being more likely to stabilize the flow in any event, because such a
base exerts a stabilizing influence ai high 0.

Ii f is the angle of an isotherm to a geopotential, then neglecting the centrifu-
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Where z is some horizontal coordinate, Az some horizontal length scale and ATy
is the appropriate horizontal temperature difference in the body of the fluid. The
last term has been derived by assuming linear temperature gradients in the fluid.
For the full barrier results in chapter 3, a suitable estimate for the maximum
azimuthal slope of the isotherms can be made by putting ATy = ATy ~ 0.25AT,
AT, ~ AT, and Az =~ 277, This gives an azimuthal slope, f; ~ 6° at r = 7.
For the radial slope, generally 0T/dr was very small, with AT, = 0.05AT (with
Az = 3.5cm) at small © or across the sides of the interior of the fluid at high
Q) (see Figure 1.4(b)). However at high ©, in the body of the fluid, AT, reached
about 0.10AT over a distance of Az ~ 2cm. These values gave the radial slope
of the isotherms to be between 11° and 35°,

On the basis of this information, the following slopes were chosen for the two
bases; (i) a slope of 6° in azimuth (r = ), with no radial slope for the base where
d = d(¢), and (ii) a slope of 24° with radius (mid-range between 11° and 35°), and
2° with agimuth (r = 7) for the d = d(r, ¢) base. The small azimuthal slope for
the d(r, ¢) base prevents its highest part from interfering with the thermocouple
ring which was at mid-depth. However it must be stressed that the effect of any
given sloping base on the flow is very much a matter of trial and error.

The two sloping bases used are shown in Figure 2.2 and described in more
detail in §2.1.1. Following the notation above, the base described in §2.1.1 (ex-
perimental configuration number 3) and shown in Figure £.2 () shall be referred
to as the d(¢) base, and the base described in §2.1.1 (experimental configuration
number 4) and shown in Figure 2.2 (d) shall be referred to as the d{r, ¢) base.
The reader is strongly recommended to turn to Figure 2.2 (on page 38) to refresh
their memory as to the form of these two bases.
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The results are given in §6.1; §6.1.1 deals with the sysiem with d(¢), §6.1.2
the system with d(r,¢). The results are discussed in §6.2, the n-circulation in
§6.2.1 and the (-circulation in §6.2.2. The role of eddies is considered in §6.2.3.

The conclusions drawn from these experiments are given in §6.3.

6.1 Temperature measurements.

6.1.1 System with variable depth, d(¢).

A tegime diagram showing the values of © and r for all the temperature and
heat transport measurements made with the system with an insulating barrier
and variable depth, d{¢) is shown in Figure 6.1. Comparison with Figure 3.8
shows that the sloping base has stabilized the flow so that eddies form when
©<02-003and r 2 2x10" -1 x 10° (compared with © < 0.5 0.1 and
2 107 with a flat base).

Figure 6.2 shows the fluid temperature measured by the thermocouple ring
at z=0and r =7, T(,z = 0;¢,1). The barrier is placed at the centre of the
diagram. The results are quite similar to those of Figure 3.9, (a) shows the ‘kinks’
associated with higher rotation rates.

The increase in ATs with { can be seen in Figure 6.5, While AT} increases
linearly with {0 before levelling off, it rises more quickly and reaches a value of
~ 40% of AT, a larger value than either the insulating or conducting barrier
experiments.

Figure 6.4 shows the dependence of Nusselt number on . The heat transport
results are quite similar fo those with a flat base, though the heat transport tends
to be a hittle less.

The temperature and heat transport measurements are summarized in Tables

6.1 and 6.2.
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FIGURE 6.1: Regime diagram showing the values of 7 and ©
for runs 282-336, the experiments with a full insulating radial bar-
rier, and variable depth, d(¢). The circles show results where {em-
perature measurements indicated there were no eddies in the sys-
tem, and the squares show measurements where small eddies were
present. The dashed line indicates the approximate location of the
transition for the onset of baroclinic waves in an unblocked annulus,
such as that used by Fowlis and Hide (1965). The location of the
dashed line was obtained from D.W.Johnson (private communica-
tion), while the solid line indicates the transition for the onset of
eddies in the present experiments.
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FIGURE 6.2: Measurements showing the temperature of ring
thermocouple against ¢ for £ = 0.0, 2.0 and 5.0 rad.sec™?, for the
system with d(¢). Each of the scale markings along the horizontal
axis shows the location of one of the thermocouples in the ring. A
straight line is drawn between each point to serve as a guide for the
eye. The location of the barrier is shown by the vertical dashed line.
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Temperature and heat transport measurements for the annulus

TABLE 6.2
with a sloping base, d(¢).

Temperature and heat transport measurements for the annulus

TABLE 6.1
with a sloping base, d(4).
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6.1.2 System with variable depth, d(r, ).

The regime diagram for the measurements made with a system with variable
depth, d(r, ¢) is shown in Figure 6.5. For AT ~ 4 K the sloping base prevented
the formation of eddies over the entire range of parameters used (1.64 x 1072 <
6 < ooand 0 < 7 < 1.46 x 10%). When AT = 10 K eddies formed for © < 0.15
and 72 3x 10",

Figure 6.6 shows the fluid temperature measured by the thermocouple ring,
T(F,z = 0;¢,t). The barrier is placed at the centre of the diagram. Generally
these results look less linear than with the insulating barrier, but the ‘kinks’
appear most strongly at higher (.

ATp is plotied against  in Figure 6.7 While ATy still increases with
before tending to level off, its behaviour now looks less linear, and AT} levels off
more gradually. ATy reaches a maximum value of ~ 50 — 60% of AT, a higher
value than seen in any other of the full radial barrier experiments.

The heat transport results are shown in Figure 6.8, When AT ~ 4 K the
Nusselt number decreases significantly with €, a result not seen in any of the
other full radial barrier experiments. When AT = 10 K the Nusseli number
decreases with §) but the effect is not nearly so marked.

The temperature and heat transport measurements are summarized in Tables
6.8 and 6.4.

6.1.3 Summary of results.

Both the sloping bases types inhibited the formation of eddies to some extent.
Comparison of Figures 6.1 and 6.5 shows that the system with a base that caused
the depth to vary with both r and ¢ inhibited the formation of eddies slightly
more than the system where the depth varied with ¢ only.

The sloping bases affected AT’s, increasing it above the values seen with either
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FIGURE 6.5: Regime diagram showing the values of r and © for
runs 337-391, the experiments with a full insulating radial barrier,
and variable depth, d(r, ¢). The circles show results where temper-
ature measurements indicated there were no eddies in the system,
the triangles show measurements where eddies were present, and the
squares show measurements where it was difficult to tell whether ed-
dies were present or not. The dashed line indicates the approximate
location of the transition for the onset of baroclinic waves in an un-
blocked annulus, such as that used by Foulis and Hide (1965). The
location of the dashed line was obtained from D.W.Johnson (pri-
vate communication), while the solid line indicates the location of
the transition for the onset of eddies in the present experiments.
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FIGURE 6.6: Measurements showing the temperature of ring
thermocouple against ¢ for @ = 0.0,2.0 and 5.0 rad.sec™, for the
system with d(r, ). Each of the scale markings along the horizontal
axis shows the location of one of the thermocouples in the ring. A
straight line is drawn between each point to serve.as a guide for
the eye. The location of the barrier is shown by the vertical dashed
line. The standard errors were 0.016°C, For (a) AT ~ 4 K and (b)
AT =~ 10 K. Note that AT was defined as the difference between
the maximum and minimum thermocouple ring temperatures. As
the figures show these were usually at or near the sides of the barrier.

171

5.09

L

0.017

L.op

FIGURE 6.8: Measurements showing the dependence of Nusselt

.00

Rotation rate, 1 in radians.second™!.
d(r,¢). (8) AT~ 4 K, (b) AT~ 10 K.

number, Nu((), divided by Nu(

0.1
2.e0

.00

10.0 1.0
9.80
10

@ ,

Nu(11)
Nu(2? =0)



L8°ET | 8F'I¥ 66°C 5-0T X €6°G | 0L XEI'E | g0T X OF'T | -0l XOI'F | ¥L'PI Ly 090°% 666 | I6E
S8'El | SK'IF 66°C g-0T X81'9 | ;0L XTI'T | 01 XGE'T | (- OL XGb'F [ FI'BI L9% 898°F 00°0L | 06E
ZHET | SEI¥ 662 g=0T X S¥'9 | 0T XTI'T | 0T X FT'L | 0T X ¥8F [ FI'FI e9F SS9'F 00°0T | 6RE
LUEL | ST'TF 662 =01 XL | 0T XZI'T | gOT X €T°L | 01 X 62°S | F¥I'FI (A £ShY 66'6 | 88¢
9L'el TTIF 66T g-00 X 90°L | ,0L XTI | 0T X E0'T | 0T XT8'S [ PI'PI 6EF 0SE'F 10°01 | LBE
TLEL | 90°IF 66T =01 X TFL [ 0T XT1°T | 01 X 0E°6 | O XIF'9 | PIFL 2k 8RO 00°0T | 98E
99°¢l ¥8 0k 662 =00 % 08°L | ;01 XT1'T XGP'B | 0T X60°L| PIWI 80°F LFR'E 66'6 | 48E
ILel i 66°C 5-01 X €28 [ L0l XTI'T XBSL | ¢-0IX06°L | PI'PI 68°¢ SPOE 00°0L | ¥8E
SLEL | 0T'T¥ 00°¢ =01 X 1L°8 | 01 XZ1'T XLL9 | =01 %188 | PRI oLre £vke T0°0T | €BE
BLET | BT'T¥ 00'e 5=0T X 92°6 | ,01 XTI'T X009 [ (0L X007 | FPIFL 25'E IVE'E 1001 | Z8E
TEET | SE'I¥ 66°2 50T X L8°6 | ,01 XTI'T XLTS | (0T XBIT | PIFI 9g'e BEDE 00°0T | IBE
98°ET | £5°1¥ 00'e p=0T X 90°T | ,01 XZI'T X09F | (00 XOQE'T | BI'BI £T'E 6E8T 10°01 | 08¢
06°¢1 29Tk 66°C w00 XF0T | 0D X20E XLEE | (-0 XIST | PIBI ore 9£9°7 00°01 | 6LE
S6°ET 6L'TF 00'e =00 X ET'T | ,01 X 2I'E XGEE [ -0IXLLT | PUFI £6'C SEFT wor | 8Lt
S6°EL | TLLF 66°C p-0T X BE'T | 0T XTI'T XG8°T | (0L X0U'Z | FI'FIL TLe €ETT 00°0L | Ll
F6'ET | BO°'IF 66°C p=00 X 8F°T | ,01 X2I'Z X0ET | (-0L XS | FIFI 6F'C 1€0°T 00°0L | 9.8
C6'ET | L9'TF 66°C p=0T X FO°T | 0T XZI'T X161 | ¢-0LXFPLE | FPIFI 82'¢ 08’1 00°01 | Si¢
TE'ET | 09°[F 66T #-01 X BRI xgl'e XIS | (00 X96°€ | FIFI 202 BTO'T 66'6 | bLE
TEEL | £9°1IF 66°C =00 X002 XTUT | 01 X9U°1 | (0L X90'S | FI'FI P8I 9Kl 66'6 | £1€
S6'ET | OL'TF 66T #-01 X GF'T XTUT | 0T X 99°8 | (01 X 00°L | FIFI 61 et 66'6 | T.iE
00°FT | 88°IF 66°C 01 X F6'T XITT | o0 X 96°S 10t FIPL HE'T 0t 0001 | [iE
E0°PL | 98°1F 86°C =01 X EL'E XTTT | 01 X IL'E 191 FIFL 60°T 908°0 166 | 0i¢
LORPL | 66'TF 66°C r-0T X 96°F X1I'T | 01 X60°T 982 PUFRI S8°0 S09°0 86°6 | 69T
60°FL | 90°TH 86°C =00 X EP°L | L0 XTT'T | 501 X I£'6 (2] FURI a9'0 ¥OF0 86'6 | 89¢
ST'FI ET'Th BGT e=0T X 8P'T | LOI X IT'T | (01 X FE'T | (0T X G5°¢ PRI ££°0 £02°0 86'6 | LOE
IEFL | S6°CF o0°’g oo DT XETT 0 oo PURL 210 0000 £0°0T | 99E.
6CFL | L9TH 00°¢ heaad L0 XET°E 0 oo PI'PL €t’0 000°0 2001 | S9¢
oN spom sppom oN T oN opN N e N oN
ypassnpy | Mg | assenpuoa g uwwyg yIpdey 1014m], e npuely | ¥vapy - U IV | uny
STH Lot 0T'1 5-00 X €6°S | 00 X LF'8 | o001 X 9F°1 | ;01 X $9°T | FPIBI 057 190°S 00°F | ¥OE
LU'6 8601 0zl 3-00 X 8T°9 | 00 X §¥'8 | g01 X SE'L | 01 X 8L°T | PI'FI LPT B8ER'F 00°F | £of
616 00°11 0zl g=00 X GF°9 | 400 X §F'8 | J00 X P20 | 01 X B6'L | FI'FL LV S50°F 00k | Zot
626 e 0zt s=0T X FL°0 | oL X LF'8 | 0T X €1°T | ;-01 XZ1'T | BI'BI T e 00°F | 19t
60°6 BLOT 6L | 5-00 X90°L | o0 XOF'8 | g0I X £0°T | 0T X 0£T | FI'BI FE'T 0ST°F 96°¢ | 09t
1e6 st 0L+ | 500 XTFL | o0T X898 | ,00 XSE'6 | .01 X 152 | FI'BI ®e 8F0°F 00'F | 6SE
L] FIIL 61T 5-00 X 08" XGF'8 | LOTXSK'E | 00 XE8'T | FIFI 97 L't 66'¢ | 8SE
65°6 b1l 0z'1 g-00 X ET°8 | 501 X 9F'8 | 01 X 6S°L | ;01 XOT'E | FI'FI Ste SHI'E 66°€ | ASE
£9'6 Lyt 6T s-0T X TLB | oOL X BF'8 | ,0T X LL'O | .01 X £5°C | BI'BI e EFFE 86°¢ | 95¢
SL'6 19°11 6I'T 3=0T X 92°6 | o0 X €F°8 | ,01 X 009 | 01 X 86°C | BI'FI or'g Iree 86°¢ | 95€
¥8'6 LTI 61T 5-01 X €86 | 0T % €58 | 0T X 2E'G | .00 X8F'F | PI'BI €0 £50°¢ 86°C | #SE
96°6 88°11 6L°T p=00 X 90°T | o0T X S¥°8 | ,0T X 65'F | -00 X 02°G | PI'BI 86T LERT 66°€ | £9¢
LO°0T | 90°T1 0zl p-00 % FUL | 501 X 8F°8 | ,00 X L6°C | .01 %XS0°9 | FI'FI 68°1 9£9°C 00°F | 7S¢
9zor | ¥TTl 601 p=0T X ETT | 0T X GF'8 | 00 X 8E'E | ;00 X LO°L | FI'FI 181 LT 66'¢ | 1SE
FROL | SHTI 61°1 w00 X SE'T | 0T XFPF'8 | 0T XFE'T | (00 XTF8 | FLFI 69°1 0£T°T 86°¢ | 0SE
8FOI | Ls7T1 0zl p=00 X 88T | 501 X 6F'8 | 01 X ST | (01 XZ0T | ¥1FI 65°1 GE0'T 0V | 6¥E
9oL | kSTl 0zt w-00 X PO | GO0 X 68 | 00 X 16T | (—0O0 %921 | FI'BI 891 LER'l L0k | SFE
9g'0r | 99'¢1 0Tl p=0T % S8'1 | 50T X 6F'8 | 00 XIS'T | (0T %651 | FI'FI BE'L 9291 0y | LbE
9.0l | 98T 60T =0T X LI | o0T X 9F°8 | 0T X OU'T | (—01 X L0 | BI'BI 571 L 66'¢ | OFE
S8°01 L0°Er 0zl p=00 X 98T | 01 X 6F'8 | 50T X €98 | (01 XE8'T | FI'FI £t T 0¥ | ke
S6°01 80°ET 6L'T p=00 X 6T | 501 X 9%°8 | 501 X ¥6°S | (0L X €0°F | ¥TFI 66°0 0201 66°C | FRE
£0°'TL | STET 6I'L p=00 X TL°E | o0T X SF'8 | 501 X L | (01 X ¥F'9 | FIFI £8°0 908°0 66'C | E£FE
01T | 9E°€l 6I'T p-00 % 96°F | 01 %X Sk'8 | 401 X 60°F FI'L (4841 £9°0 S09°0 66'E | ThE
LI | ST°ET 0zl #-00 X 06°F | 401 X 81°8 | 401 X 60T ST'L FLFL ¥9'0 S09°0 00°F | TFE
6011 | 92°¢l 0zt v-0L X EFL | 501 X LF'8 | (01 X 0£6 85T FIFL ¥ro v 00°F | OFE
BI'IT | 6E'ET 0z'1 e-00 X 8P | 50T X LF'8 | 00 X FET | (0 X201 FUFRL 920 20T°0 00°F | 6EE
6T°TT | 6¥El 0t L 901 X Li'8 0 Lol FIRI kL0 000°0 00°F | 8EE
GETIL | £9°€L 0z’ oo 0T X8F'8 0 Ll FLFRI (48] 000°0 00'% | Leg
oN sjpom sjpom oN oN oN oN ¥ p-2espoe |y oN
PSS | Mg | GrRneney | wewiyg YFphey 10}4R], <] npueld | ¥vary U LV | uny

Temperature and heat transport measurements for the annulus

with a sloping base, d(r, ¢).

TABLE 6.4

Temperature and heat transport measurements for the annulus

base, d(r, ¢).

TABLE 6.3
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the insulating or conducting barriers and flat bases. The largest value being
ATy ~ 60%AT.

The sloping bases tended to reduce the fluid heat transport measurements
compared to the experiments made with flat bases. The most dramatic case
being that of the system with d(r,¢) at AT ~ 4 K, when the Nusselt number
fell to around 80% of its non-rotating value at Q & 4.0 — 5.0 rad.sec™. This was
the only experiment in which eddies were inhibited over the complete range of Q
covered.

6.2 Discussion of results.

Of the experiments with sloping bases, at least one case (the system with d(r, ¢)
at AT =~ 4 K) achieved the stated aim of §3.4; namely to suppress eddies so that
heat transport measurements in a system without eddies could be compared with
heat transport measurements made when eddies were present. While the heat
transporting role of the eddies is more fully discussed in §6.2.3 below, comparison
of Figure 6.8(a) with Figures 3.11(a) and 8.17(a) suggests that eddies play a
significant role in heat advection, because the heat transport in the system with
no eddies drops off at high €, but does not in the system where eddies were
present.

The following discussion assumes that the fluid motions in the systems with
sloping bases were basically the same as those observed in the systems with flat
bases, as no velocity measurements were made in the systems with sloping bases.

The use of sloping bases in these experiments means that equations (3.16)
and (3.22) no longer describe the 1 and - circulations correctly, and that new
expressions will have to be derived from equations (3.15) and (3.21).

The following sections deal in turn with heat advection by each of the three sig-
nificant processes occuring in the fluid; the r-circulation, (§6.2.1) the (-circulation
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{§6.2.2) and eddies (§6.2.3).

6.2.1 Heat transport by the n-circulation.

If the flow with a sloping base is suitably similar to that observed with a flat base
then H,(7;4,z,t) is given by equation (3.15). As the surface S mentioned in
§3.2.21s at constant radius, r = 7, the only difference between the sloping bases
d(¢) and d{r,¢) is that the dependence of a(f; ) (see equation (3.3)) on ¢ will
be slightly different in each case.

Comparison of equations (3.15) and (3.16) shows that
Hqt’:: a ?& 0; ¢»21i) = Hr.l{i‘ a= 0;” + H;!upe{F, = D; 95,1‘.}] [\6'1_}
where H,(7,a=0;t) is given by equation (3.16) and

B (7,2 = 0;4,1)

pC, g ATy rz—Ot ' [ATy(7, z‘—lthé d=u)
4Qr
AT (7, ¢ =0;t) .'Juﬂd"E 30\ T(F2=0;9,t) ,
-I-T— -3 + 5 a)+ 3 a(d — a)| d¢.
(6.2)

Since the annulus has a sloping base, a(7; ¢) # 0. The bases both had a linear
slope with ¢, so that a(7; ¢) = b + c(F). Substituting for a(F, ¢) and integrating

between the limits given in (3.3) gives

By (7,2 = 0,4,t)

FC,gaATy(F, z = 0;t) {Aqu(F, 7= D;t}.’;{d B 2‘:)2[% -
4Qr im 3
5 4 =0 i —P
YL W

_apr = : L= z(w_sy]

L] -
* f de) (d—a{f;qsndm'}.
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Since the angular half-width of the barrier, ¢ < 7 it can be neglected, so that

(e, = 054,
9CogaATy(F, z = 0;t)ATL(7, ¢ = 0;1)d? { ATy(F, 2= 0;t) ,,
240 AT,(7, ¢ = 0;t)d®

d—2c)m

1 3 3 4er® 4
+d2[ 3cd + 2b%7* + 6¢ S

3 . : "
+W L T'(, z = 0; ¢, t)a(F; ¢)(d - a(F; ¢))d¢}- (6.3)

H,(7,a # 0;4,2,1) (see equation (6.1)) is plotted in Figures 6.12 and 6.15".
If He(7,a # 0;¢, 2,t) and H'(7; ¢, z,1) can be neglected at small values of
(see §3.2.4), then for the systems with sloping bases,

Heoa(f; 8, 2,t) = Hy(F,a # 0,4, 2,).
I this is the case, then using equation (6.1),
Haogol7ya # 0;1) = Hy(7,a = 0;t) + H,f“"’(ﬁ, z=0;¢,t).

Hence it is possible to define 4] by equation (3.17), so that

e 240
FCo9aATpAT,(F, ¢ = 0;)d?

(H,,[F, a=0;t)+ H,;l""[i, z=0; ¢,t)) .

Thus, using ATy = ATp and AT, = AT,

ATy e ﬁ 6c*  4b%er® 4

Y e R B B )

3 #1
AT .L T'(F,z = 0;¢,t)a(F; ¢)(d - a(F; ¢))d¢. (6.4)

Al = 14

Notice that when b = ¢ = 0, i.e. a(f;¢) = 0, or when b,c < d, then A]* = 1.
The values of b and c are determined by the dimensions of the base and are given
in Table 6.5.

' T'a(d - a)d$ was calculated as follows: [{' T'a(d - a)d¢ ~ B2, Ta;(d - a;)8¢, where
& = a(f; ¢:), and T, 4; and 8¢ are given in §3.2.5,
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Type of base b e(7)
d(¢) 1.90/7 em.rad™ | 3.10 em
d(F; ¢) 0.65/7 cm.rad™ | 3.20 cm

TABLE 6.5: Coefficient values for the two bases used in the variable depth

experiments. For b and ¢ see the main text.

Calculation using equation (6.4) shows that the terms in ATy and 7" con-
tribute very little (less than 0.028 and 0.006 respectively) to A7, so that A7
is found to be virtually independent of Q with a value of ~ 0.6 for both sloping
bases. Values of A;' from equation (3.17) are plotted in Figure £.9. It can be
seen that the values of A" tend to be of the order of, but somewhat smaller than,
0.6 at smaller values of Q) (which is when the best agreement would be expected,
see §3.2.4), having a value of around 0.4 in (a) and (b). If this discrepancy is
attributed to the error caused by estimating AT, by AT, then it suggests that
in the sloping base experiments AT, ~ 2AT. Accordingly AT, = AT has been
used in the following analysis for the d(¢) sloping base results.

It is harder to apply a similar interpretation to the values of A7* calculated
for the d(r, ¢) sloping base ((c) and (d)) as they rise more gradually over the
whole range of Q. However equation (3.17) shows that A7! is proportional to
H,gy, thus the rise in A" might be expecied to be due to one of the three heat
advection processes explored so far (the 7-circulation, the (-circulation, or eddies).
As there were no eddies present for the resulis in (c), and as the -circulation
15 characterised by constant A" the increase may be due to the (-circulation.
Thus A" should only be expected to be close to 0.6 at values of {2 small enough
for the heat advection of the (-circulation to be unimportant, but not so close to
§2 = 0 that the azimuthal geostrophic balance is doubtful. At & 1.0 rad.sec™?,
A" has a value of about 0.32. The ratio of this value to 0.6, suggests that for
the d(r, ¢) results, a good estimate of AT, may be 0.53AT. Thus AT, = 0.53AT
has been used in the following analysis for the d(r, ¢) results.
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FIGURE 6.9: Plots of the dimensionless quantity 47 (given in
equation (3.17)) against {0, for (a), (b) the system with d = d(¢)
and (c), (d) the system with d = d(r, ¢). (a), (c) AT = 4 K, and
(b), (d) AT =~ 10 K. In all cases A" ~ 0.6. In (a), (b)thereis
a marked increase in A! at high Q, while in [c), (d) A7! remains

more nearly constant.

It is interesting to note that these estimates of AT, seem to indicate a qual-
itative result suggested by equation (4.1), namely that for fully blocked systems
larger values of ATy appear to be associated with smaller values of AT, for a
given €} and AT It is also quite possible that AT, may vary with Q.

The quantity Y(7,a # 0;Q,t) = ATp (see §3.2.4) can still be plotted using
equation (3.20) with Hq.(7, ¢ # 0;1) instead of Hoy(F, o = 0;t), and equations
(3.18) and (3.19). In this case d the average depth of the annulus has been used
instead of d. Y is shown plotted against ATg in Figures 6,10 and 6.11, and it
can be seen that for values of A ~ 1.7and R~ 1cm, Y = ATp.

6.2.2 Heat transport by the (-circulation.

If the flow with a sloping base is suitably similar to that observed with a flat base,
then H;(7; 4, 2,1) is given by equation (3.21). Proceeding in the same manner as
in §6.2.1, comparison of equations (3.21) and (3.22) shows that

Hi(7,a # 0,6,2,8) » He(F,a = 0;4,t) + H{™(F, 2= 0;4,),  (6.5)

where

H’{W(F z=0;¢,t) =

pCAu,,g-?rz—Otf ¢)[ ATy(F, :’:—'Eit)‘;(J

AL =00

2 é(d—a(f‘ ‘ﬁ))_T'(F!z

=1 ¢,t)¢] Fdg.  (6.6)

The sloping bases mean that a(F, ¢) = b + ¢(), and substitution and inte-
gration between the limits given in (3.3), neglecting the angular half-width of the

barrier ¢, gives
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B (f,2=0,4,t) »

PG Aug(F, 2 = 0;t)F [[_ATy(F z=0;t)
o {[ T
P 3 L
PEREA= 00y 20) % [0 =00 ).
o

(6.7)

Aug is given in §3.2.5. The value of Hy(a = 0) + H;** from equations (3.23)
and (6.7) is plotted in Figures 6.12 and 6.15%.

6.2.3 Heat transport by eddies.

Previous calculations indicated that the eddies were quite capable of advecting
significant quantites of heat (§3.2.6 and §4.2.2). The purpose of ihe sloping bases
was to attempt to inhibit the formation of eddies so that heat advection measure-
ments without eddies could be compared with the heat advection contributions
calculated for the n and (-circulations. Thus it is the results with the d{r, ¢) base
at AT =~ 4 K which are of most interest, because for thai case no eddies were
seen over the entire range of £} used. Also the previous calculations had shown
that the values of Hj were very small (see Figures 3.17 and 4.16), so it has been
neglected.

The d(r, ¢), AT 2 4 K results are given in Figure 6.18(a). It can be seen that
over the full range of {2, the sum of the heat advection contributions from the
and (-circulations gave much better agreement with the experimentally measured

heat advection, H,z,, than any of the other systems at AT ~ 4 K.

[ Tagdd was calculated as follows: [P T'addd m 532, T'a;d:64, where the terms are the
do 1=14i
same as those in §6.2.1.
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FIGURE 8.12: Plots showing the heat tramsport contributions
for the insulating barrier with sloping base, d(¢). Heat transport
contributions have been calculated for; the r-circulation, H,(a # 0),
using equations (3.16) and (6.3); and the (-circulation, H;(a # 0),
using equations (3.23) and (6.7).3AT was used as the estimate of
AT,. By = Hy+H;. Experimental measurements of the advective
heat transport, H.4, are shown for comparison.-(a) AT ~ 4 K, (b)
AT ~ 10 K. The lines serve only as a guide to the eye.
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FIGURE 6.13: Plots showing the heat transport contributions
for the insulating barrier with sloping base, d(r, 4). Heat transport
contributions have been calculated for; the n-circulation, H,(a # 0),
using equations (3.16) and (6.3); and the (-circulation, Hy(a # 0),
using equations (3.23) and (6.7).AT, was estimated as 0.53 x AT.
Hyw = Hy+ H;. Experimental measurements of the advective
heat transport, Heq, are shown for comparison. (a) AT x4 K, (b)
AT 710 K. The lines serve only as & guide to the eye,
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This suggests that the total advective heat transport is well described by the
n and (-circulations (§§3.2.3, 3.2.5, 6.2.1 and 6.2.2) when there are no eddies
present. This in turn implies that the discrepancies seen at high Q in Figures
3.17(a), 4.16(a) and 6.12(a) arise because of heat advection by eddies.

Interestingly, Figure 6.15(b) shows almost as good agreement between the
theory and measurements as there is in (a), even though eddies were seen in the
d(r,¢), AT = 10 K measurements, However this result is broadly in agreement
with the other experiments, where better agreement at high §) was generally seen
at AT ~ 10 K than at 4 K (Figures 5.17(b), 4.16(b) and 6.12(b)). This may also
be because the d(r, ¢) sloping base suppresses other effects not described in the
theory. A similar phenomenon may be occuring at small {2 for the d(¢) results
(Figure 6.12) where better agreement is seen than for the experiments with a flat

base.

6.3 Conclusions.

In chapters 3 and 4 it was established that at low to medium €, the advective
heat transport was quite well described by the theory for the 5 and (-circulations.
The largest outstanding discrepancy occurred at high 22, where the heat advection
measurements were not fully accounted for by the 7 and (-circulations (see Figure
3.17).

At AT = 4 K the d(r,¢) sloping base suppressed the formation of eddies,
and the measurements of total heat advection were found to agree quite closely
with that predicted by the n and (-circulations. This strongly suggests that the
discrepancy seen at high  in Figure 3.17(a) was due io heat advection by eddies.
The small difference that exists between Hyoui(a # 0) and Heg, in Figure 6.13(a)
may quite likely be because the velocity shear of the (-circulation, Auy was

overestimated by using the velocity measurements for the flat base experiments
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(§3.2.5).

In general the results with the sloping bases, Figures 6.12and 6.1 show better
agreement with the theory at smaller values of {2 than the measurements with
flat bases. This may be because the sloping bases tend to reduce the importance
of factors other than eddies, which were not well represented in the theory. In
particular the dependence of OT/0¢ on z, and of AT} on § may be significant.
Also the non-linear temperature field was approximated by T'(7, z = 0;4,1) in
equation (3.5), so that it could be calculated from the thermocouple ring data.
The fact that Figures 6.12 and 6.18 show quite good agreement at Q = 0.6 —
2.0 rad.sec™ suggests that the disagreements in Figure 8,17 at those rotation
rates do not arise because of a breakdown in azimuthal geostrophic balance, but
for some other reason.

The fact that the sloping bases suppressed the formation of the eddies seen in
the fully blocked annulus system provides some evidence as to the nature of the
eddies. Regardless of the calculations involving the n and (-circulations above,
the results with the d(r, ¢) sloping base demonstrate two important points; (i)
a suitably shaped sloping base can suppress the formation of eddies in the fully
blocked annulus system, and (i) comparison between Figures 3.1 and 6.8 shows
that the eddies transport heat. The work of Mason (1975) and Hide and Mason
(1975) shows that these two characteristics are shared by baroclinic wave flows.
Considering the manner in which sloping bases affect the flows (see the start of
this chapter for a discussion) the fact that the eddies were suppressed by the
sloping bases provides possibly very significant evidence that these eddies are
baroclinic in nature.
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6.4 Further investigations.

Since AT, was not measured it has been necessary to estimate it, either as AT
(in the first instance), or from the plots of A7%. Apart from the significant role
AT, plays in the formulation for heat advection by the s-circulation, the resulis
seem to suggest that the relationship of AT, to ATy (or AT) might prove quite
interesting (equation (4.1) and §6.2.1). Suitable measurements of temperature
against height might also give an indication of how linear the vertical temperature
profile is. T" could then possibly be integrated numerically over both ¢ and z. If a
series of measurements was made with an array of thermocouples in a (4, z)-plane
this would also allow the dependence of 87'/8¢ on 7 to be discovered.

§6.3 suggests that the (-circulation might be overestimated in §6.2.2 and Fig-
ures 6.12 and 6.13. Suitable velocity measurements might give a more accurate

estimation of Aug.
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