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3 Results and discussion 204 

3.1 Head-on wind 205 

The effect of wind speed in the head-on direction, together with that of wall temperature 206 

distribution on the convective heat losses through the aperture of a heated cavity is presented 207 

in Figure 1. For low wind speed conditions (𝑅𝑖 < 4.8, 𝑉 < 3m/s), the cases featuring the 208 

‘lower section hotter’ and ‘front section hotter’, have a higher convective heat loss than the 209 

other cases, including that of the uniform distribution. The higher losses of the ‘lower section 210 

hotter’ case, can be deduced to be associated with the added role of natural convection, that is 211 

of buoyancy. The higher loss from the ‘front section hotter’ case suggest that close the 212 

proximity of the hotter part of the wall to the aperture facilitates increased egress of the hot air 213 

than for the reference case. Similarly, for high wind speed condition (𝑅𝑖 > 19, 𝑉 > 6m/s), the 214 

‘front section hotter’ case has the highest measured value of the convective heat loss among all 215 

the cases investigated. On the other hand, the ‘lower section hotter’ case features the lowest 216 

convective heat loss for high wind speeds. This suggests that a greater fraction of the power 217 

lost from the lower section is transferred under these conditions to maintain the temperature of 218 

the upper and rear sections. Further evidence for this can be found from our previous study 219 

(Lee et al. 2017), which identified a strong flow recirculation transporting the hot air from the 220 

lower section toward the rear and the upper section before it leaves the cavity. This flow pattern 221 

reduces that heat lost from the other surfaces, and hence the power required to maintain the set 222 

point temperature of the lower temperature surface. Therefore, the qualitative trends from the 223 

CFD (Lee et al. 2017) are consistent with the measured trend that the ‘lower section hotter’ 224 

case has the lowest convective heat loss behaviour of the cases assessed here for high wind 225 

speed condition.  226 

The dependence of the convective heat losses, normalised by the case for no wind on wind 227 

speed is presented in Figure 2 for the same conditions as those reported in Figure 1. It can be 228 

seen that varying the wall temperature distribution causes up to 50% change in the total natural 229 

convection. The ‘upper section hotter’ case has the lowest convective heat loss where natural 230 

convection dominates. For 𝑉 > 3 m/s, the heat transfer moves to the mixed convection regime 231 

which greatly reduces this range to < 20%. Consistent with this trend, the ‘lower section hotter’ 232 

case has the highest loss for the lower wind speed case and lowest loss for high wind speed. 233 

However, the ‘upper section hotter’ case has the lowest average convective heat loss in the 234 

range of wind speeds investigated. For the cases with 𝑉 > 6 m/s the heat loss plateaus and 235 

tends to become independent of the temperature distribution, which also implies that it tends 236 

toward that of the uniform temperature distribution case. That is, the shape of the temperature 237 

distribution becomes relatively unimportant in the inertia-dominated regime.  238 

 239 
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 240 

Figure 1 Dependence of the heat losses through the aperture on wind speed for a series of wall temperature 241 
distributions. Conditions: tilt angle of 15°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 242 

 243 

Figure 2 Dependence of the normalised heat losses through the aperture in wind speed for a series of wall temperature 244 
distributions. Conditions: tilt angle of 15°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 245 

 246 

3.2 Side-on wind 247 

The influence of wind speed on the convective heat losses through the aperture for the side-on 248 

direction is presented in Figure 3 for several types of wall temperature distribution. The ‘front 249 

0 2 4 6 8 10
0

500

1000

1500

2000

2500

3000

3500

V (m/s)

Q
 (

k
W

)

 

 

Uniform

Upper Hotter

Lower Hotter

Front Hotter

Rear  Hotter

 0.0  2.1  8.5 19.2 34.1 53.3

1/Ri

0 2 4 6 8 10
0

1

2

3

4

5

6

7

V (m/s)
Q

/Q
V

=
0

 

 

Uniform

Upper Hotter

Lower Hotter

Front Hotter

Rear  Hotter

 0.0  2.1  8.5 19.2 34.1 53.3

1/Ri

0 2 4 6 8 10
0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

V (m/s)

Q
/Q

T
=
U

n
ifo

rm

 

 

Uniform

Upper Hotter

Lower Hotter

Front Hotter

Rear  Hotter

 0.0  2.1  8.5 19.2 34.1 53.3

1/Ri





12 

 

 274 

Figure 4 Dependence of the normalised heat losses through the aperture on wind speed for a series of wall temperature 275 
distributions. Conditions: tilt angle of 15°, yaw angle of 90°, aperture ratio of 0.5 and aspect ratio of 1.5. 276 

  277 

3.3 Upward facing cavity  278 

The influence of wind speed on the convective heat losses through the aperture of an upward 279 

facing heated cavity is presented in Figure 5 for three different wall temperature distribution. 280 

The convective heat loss through the aperture increases non-linearly with the wind speed, and 281 

the case with the hotter surface near to the aperture has the highest heat losses through the 282 

aperture, which is consistent with the other cases. The heat losses through the aperture for the 283 

‘near aperture hotter’ cases are approximately 150W higher than the ‘back wall hotter’ cases 284 

for all tested wind conditions. It is noteworthy that the wind speed has a particularly strong 285 

influence for the upward facing cavity. The convective power losses increase by approximately 286 

50% when the wind speed is increased from 0 to 3 m/s (𝑅𝑖 from 0 to 4.8). For the high wind 287 

speed condition (𝑅𝑖 > 43, 𝑉 > 9𝑚/𝑠), the heat losses are ~ 5 times greater than the natural 288 

convection cases. The upward facing solar cavity receiver is also likely to place closer to the 289 

ground than the tower mounted case, where it is less windy than the downward facing cavity, 290 

which will further reduce the convective heat loss. In addition, the influence of wind is likely 291 

to be easier to mitigate by shielding for an upward facing cavity than a tilted one, since the 292 

wind direction is always normal to the cavity axis for the vertical orientation but varies in three 293 

dimensions for the tilted case. 294 

In contrast to Figure 3 in which the side-on wind was found to initially decrease convective 295 

losses for the tilted receiver, this reduction does not occur for the vertical orientation although 296 

the wind direction is also perpendicular to the aperture. This is consistent with the vertical 297 

orientation avoiding the strong adverse mechanism of the near horizontal orientations in which 298 

natural convection establishes a strong recirculation through the aperture. 299 
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Figure 6 presents for the vertical orientation the convective heat losses for the three temperature 300 

distributions normalised by the case with the uniform wall temperature. The shape of the 301 

temperature distribution can be seen to change the total convective heat losses by up to ~ 60%, 302 

which is more significant than the tilted cases. However, the impact of the shape of the 303 

temperature distribution decreases with an increase in wind speed to less than 20% for high 304 

wind speed condition (𝑅𝑖 > 43, 𝑉 > 9 𝑚/𝑠). The total convective heat losses converge with 305 

an increase in wind speed to a value that approaches the uniform temperature distribution case. 306 

This gives further evidence that both the orientation and temperature distribution become 307 

unimportant at sufficiently high wind speeds aligned normal to the cavity axis. 308 

  309 

Figure 5 Dependence of the heat losses and normalised heat loss wind speed through the aperture on wind speed for a 310 
series of wall temperature distributions. Conditions: tilt angle of -90°, yaw angle of 0°, aperture ratio of 0.5 and aspect 311 
ratio of 1.5. 312 
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 313 

Figure 6 Dependence of the normalised heat losses through the aperture on wind speed for a series of wall temperature 314 
distributions. Conditions: tilt angle of -90°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 315 

 316 

3.4 Temperature and tilt angle 317 

The combined effects of temperature and tilt angle of a heated cavity on convective heat losses 318 

through the aperture of a heated cavity are present in Figure 7, incorporating both the beam up 319 

(𝜑 = 90°) and beam down (𝜑 = −90°) cases. It can be seen that the beam-up has the lowest 320 

convection losses as expected, being only 30-40% that of the beam-down. Also the heat loss 321 

through the aperture increase non-linearly with temperature. This effect, which is observed fir 322 

all of the tested tilt angles cases, appears to be related to the influence of radiation heat loss, 323 

which has a fourth order dependence on temperature. Worth noting is that the heat loss from 324 

the aperture has a complex dependence on tilt angle. The heat losses from the 15° tilted cavity 325 

are higher than both the 90°and -90° cases. This indicates that there is at least one tilt angle 326 

which will have the highest convective heat loss, although further work in required to determine 327 

this. However, this angle is likely to also depend on the cavity dimensions. That is, the heat 328 

loss from the 𝜑 = −90° case may not necessarily be less than the 15° for all geometries, but is 329 

expected to depend on the geometry of the cavity, such as aspect ratio and aperture ratio (Bilgen 330 

& Oztop 2005). However, the trend is independent temperature , because the same trend can 331 

be observed in Figure 7a for all tested temperatures.  332 
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 334 

Figure 7 Dependence of the heat losses through the aperture of a heated cavity on temperature and tilt angle. 335 
Conditions: no wind, aperture ratio of 0.5 and aspect ratio of 1.5. 336 

 337 

The effect of wind speed on normalised heat losses by natural convection for the beam-down 338 

case, for various wind directions and the tilt angles is presented in Figure 8. The natural 339 

a) 
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(°𝐶) 

𝜑 =   90° (Beam-up) 

𝜑 =   15° (Tilted downward) 

𝜑 = −90° (Beam-down) 
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convection of the ‘beam-down’ was chosen to be the reference case because it has the lowest 340 

heat losses. The figure shows that the ‘downward tilted cavity with side-on wind’ case has a 341 

very similar trend with the ‘beam-down’ case for wind speed 𝑅𝑖 >  4.8. This is because, for 342 

both cases, the air/ wind flows parallel to the aperture plane. Therefore the flow pattern is 343 

expected to be similar for all wind speeds. For these 2 conditions, the increase in heat losses at 344 

high wind speed (𝑅𝑖 <  43) is up to 4.5 times the value of the natural convection of the ‘beam-345 

down’ case. However, the influence of wind speed on heat losses through the aperture is very 346 

high for the head-on wind speed cases, to reach up to 12 times that of the reference case. This 347 

highlights the potential benefits of being able to mitigate convective heat loss from for head-348 

on wind directions.  349 

 350 

Figure 8 Dependence of the normalised heat losses by natural convection of the ‘beam-down’ case on wind speed for a 351 
series of tilt and yaw angles. Conditions: aperture ratio of 0.5 and aspect ratio of 1.5. 352 

The dependence of the inverse of Richardson number on the Nusselt number is presented in 353 

Figure 9 for three orientation. It can be seen that the data all collapse very wall for the head-on 354 

case and quite well for the beam-up case, but is much more complex for the side-on orientation. 355 

A strong local minimum in the heat losses at 1/𝑅𝑖~5 is clearly observed for of the side-on 356 

direction and a very weak minimum is present for a few cases in the head-on direction. This 357 

shows that a low velocity cross-flow can inhibit the buoyancy-driven transport of gas through 358 

the aperture when the cavity is tilted slightly downward. However, for an upward facing cavity, 359 

there is no stagnant zone so that a slight wind does not inhibit buoyancy for this case. Worth 360 

noting is that the heat losses from the head-on wind speed case does not vary much between 361 

the first 2 data points. Insufficient data are available to identify whether or not a local minimum 362 

or maximum is present between 0 < 𝑅𝑖 <  5. In addition, it is also noted that, for high wind 363 

speed the heat losses from the head-on cases are about 4 times larger than the side-on cases, 364 

agreeing with our earlier study (Lee et al. 2018a). The data also suggests that there may be a 365 
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local minimum at 1/𝑅𝑖~1.25 for the head-on cases. Figure 9a also shows that, Nu has near 366 

linear dependency relationship with 1/𝑅𝑖  for 1/𝑅𝑖 > 10 for the head-on case, hence this 367 

behaviour is also expected 1/𝑅𝑖 > 40 for the side-on cases. 368 

 369 

Figure 9 Dependence of the Nusselt number of a heated cavity on the inverse of Richardson number for a series of 370 
wall temperature distributions. Conditions: aperture ratio of 0.5, aspect ratio of 1.5, a) head-on (𝜶 = 𝟎° and 𝝋 =371 

𝟏𝟓°), b) side-on (𝜶 = 𝟗𝟎° and 𝝋 = 𝟏𝟓°) and c) beam-down (𝜶 = 𝑵/𝑨 and 𝝋 = −𝟗𝟎°). 372 

4 Conclusions 373 

The dependence of convective heat loss on wind speed, yaw angle, tilt angle and temperature 374 

distribution from a cavity receiver of various geometrical parameters were investigated 375 

experimentally in this study. Results point to a complex and joint relationship between the heat 376 

loss and the various operating parameters. It is found that there is no heat flux profile that 377 

exhibits the best or worst convective heat flux for all orientation. In general, the heat losses 378 

from a downward tilted solar cavity receiver (𝜑 = 15°) tend to be minimised with the upper or 379 

rear surface to be hottest. This outcome should be further investigated with the solar optical 380 

system. 381 

The convective losses are lowest for the beam-up orientation as expected, but the downward 382 

tilted solar cavity receiver (𝜑 = 15°)  has greater losses than the beam down, even at zero 383 

wind, which contradicts the expectation from the literature. The main reason for this difference 384 

is that the wind direction is always normal to the cavity for the beam-up and beam-down 385 

orientations, which is the orientation with the lowest convective losses. These configurations 386 

avoid the wind flowing directly into the cavity, which has the greatest connective losses. 387 

Furthermore, at high wind speeds, with corresponds to high inverse Richardson number, the 388 

heat transfer is momentum dominated, so that the heat losses are controlled by orientation 389 

relative to the wind, irrespective of the direction of gravity.  390 

a) 

 

b) c) 
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Finally, the heat loss from a beam down cavity receiver has a nearly linear dependence on 1/𝑅𝑖 391 

throughout the range. This linear dependence shows that natural convection is not significant 392 

anywhere. For the downward tilted orientation, the relationship becomes linear for higher wind 393 

speed, where momentum dominates over natural convection. The study also suggested that 394 

there may be a local minimum of heat loss at 1/𝑅𝑖~1.25 for the head-on cases. However, this 395 

wind speed is out of the range of the wind tunnel of this study, so requires further work to 396 

confirm. 397 
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Supplement404 

405 

 406 

Figure S1 Schematic diagram of a) the heated cavity in the Thebarton wind tunnel and b) the dimensions of the receiver.  407 
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