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中 文 摘 要 

 

    本篇論文利用實驗流場觀測方法及溫度場量測方法探討藉由底盤旋轉在垂

直圓柱容器中一空氣圓形噴流衝擊至一加熱圓盤抑制由浮力所驅動的穩態及非

穏態渦流結構之流場特性進行研究。在本實驗研究操作範圍分別是：流量變化 0

～12.0 slpm，加熱圓盤與入口冷空氣間的溫度差範圍 0～25.0℃，底盤轉速由 0~50 

rpm，所相對的噴流雷諾數變化為 0～1,623，相對於雷利數 0～63,420，而旋轉

雷諾數 0～3,892另外噴流出口到加熱底板間的距離維持 20.0 mm，而噴流管徑

分別是 10.0 與 22.1 mm。 

    由流場觀測可以清楚顯示典型噴流衝擊旋轉圓盤的結果有三種渦流，靠近噴

流中心，產生了由於慣性力所驅動的渦流稱 Primary inertia-driven roll，而流道中

間的渦流是由於底盤旋轉的離心泵送效應，稱之為 Rotation-driven roll。而靠近

爐體壁面的渦流是由於加熱圓盤與入口冷空氣間的溫度所形成的浮力效應所引

起，稱之為 Buoyancy-driven roll。在較高的底盤轉速下，由浮力所造成的渦流可

以明顯受到抑制，甚至完全消除。此外，在高轉速下，由慣性力所形成的 primary 

inertia-driven roll會變得較細長且強度較弱。而在足夠高的噴流雷諾數下所形成

的 secondary, tertiary, quaternary inertia-driven rolls亦會隨著底盤轉速提高而依序

消失。由實驗結果可以進一步了解底盤旋轉對於由慣性力/浮力所造成的週期性
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與非週期性流場有穩定的效果，此種不穩定的流場可以藉由一定高的底盤轉速而

達穩定，在溫度場的結果上，由底盤旋轉可以減低徑向的溫度變化，並且明顯使

得 Buoyancy-driven roll出現的臨界浮慣比數延遲。 
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ABSTRACT 

An experiment combining flow visualization and temperature measurement is 

carried out in the present study to explore the possible suppression of the 

buoyancy-driven stable and unstable vortex flow resulting from a round jet of air 

impinging onto a heated horizontal disk in a vertical cylindrical chamber by the disk 

rotation. In this study the experiment is mainly conducted for the jet flow rate varied 

from 0 to 12.0 slpm (standard liter per minute) with two different injection pipes 

(diameter 10.0 and 22.1 mm) and the temperature difference between the disk and the 

air injected into the chamber is varied from 0 to 25.0℃ at a fixed jet-to-disk 

separation distance of 20.0 mm. The disk rotation speed is varied from 0 to 50 rpm. 

Thus the jet Reynolds number, Rayleigh number and rotational Reynolds number 

range respectively from 0 to 1,623, from 0 to 18,790, and from 0 to 3,892. 

The results from the flow visualization clearly show that typically the steady 

mixed convective air jet impinging onto the rotating disk consists of three circular 

vortex rolls. The inner vortex roll is generated by the deflection of the impinging jet at 

the disk surface and hence termed as the inertia-driven vortex roll. The middle vortex 
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roll is mainly formed by the centrifugal pumping action produced by the disk rotation 

and hence termed as the rotation-induced roll. The buoyancy-induced vortex roll 

resulting from the temperature difference between the heated disk and the inlet air 

prevails in the outer zone of the processing chamber. At a high disk rotation rate, the 

buoyancy roll can be significantly suppressed and even wiped out by the disk rotation. 

Besides, the primary inertia-driven roll is stretched out to become slender and weaker. 

Moreover, the inertia-driven secondary, tertiary, and quaternary rolls dominated at 

high Rej can be entirely wiped out. We further note that the disk rotation can 

effectively suppress the inertia-driven and/or buoyancy-driven time-dependent and 

nonperiodic vortex flows. The unstable vortex flows can be completely stabilized by 

the disk rotated at a high speed and the flows become steady. The disk rotation can 

also reduce the radial temperature variation in the flow and significantly delay the 

onset of the buoyancy-driven roll. Based on the present data, a flow regime map is 

provided to delineate the the axisymmetric and nonaxisymmetric vortex flows with 

various disk rotation rates for H=20.0 mm. 
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Fig. 4.53 Side view flow photos taken at the cross plane θ 0  & 180=  at certain 
time instants in the steady or statistical state for Dj=10.0 mm at 
Ra=15,030 (∆T=20.0℃), Rej=1,244 (Qj=9.2 slpm), and ReΩ = (a)778, 
(b)1,168, (c)1,557, and (d)2,335. ------------------------------------------------------- 101 

Fig. 4.54 Top view flow photos taken at middle horizontal plane at certain time 
instants in steady or statistical state for Ra=15,030 (∆T=20.0℃ ), 
Rej=1,244 (Qj=9.2 slpm), H=20.0 mm, and ReΩ = (a)0, (b)778, (c)1,557, 
and (d)2,335.------------------------------------------------------------------------------- 102 
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Fig. 4.55 Side view flow photo taken at the cross plane θ 0  & 180=  at certain 
time instant in the statistical state and time records of air temperature at 
selected locations in middle horizontal plane Z=0.5 with H=20.0 mm for 
Rej=1,190  (Q=8.8 slpm), Ra=7,520 (∆T=10.0℃), Dj=10.0 mm and 
Re 0Ω =  (nonperiodic flow).------------------------------------------------------------ 103 

Fig. 4.56 The time records of non-dimensional air temperature for Rej=1,190 
(Q=8.8 slpm), and Ra=7,520 (∆T=10.0℃) at location (R, Z) = (0.54, 0.5) 

on the cross plane θ 0  = with H=20.0 mm for ReΩ = (a)0, (b)778, 

(c)1,668,(d)1,557, and (e)2,335. -------------------------------------------------------- 104 

Fig. 4.57 Side view flow photo taken at the cross plane θ 0  & 180=  at certain 
time instant in the statistical state and time records of non-dimensional 
air temperature at selected locations in the middle horizontal plane 
Z=0.5 with H=20.0 mm for Rej=1,244  (Q=9.2 slpm), Ra=15,030 
(∆T=20.0℃), Dj=10.0 mm and Re 0Ω =  (nonperiodic flow). --------------------- 105 

Fig. 4.58 The time records of non-dimensional air temperature for Rej=1,244 
(Q=9.2 slpm), and Ra=15,030 (∆T=20.0℃) at location (R, Z) = (0.54, 

0.5) on the cross plane θ 0=  with H=20.0 mm for ReΩ = (a)0, (b)778, 

(c)1,168,(d)1,557, and (e)2,335. -------------------------------------------------------- 106 

Fig. 4.59 Time-periodic vortex flow for Ra = 11,270 (∆T= 15.0℃) at Rej = 135 
(Qj = 1.0 slpm) and ΩRe = 0 (Ω = 0 rpm) for Dj=10.0 mm and H=20.0 
mm illustrated by side view flow photos taken at the vertical plane 
θ 0  & 180=  at selected time instants in a typical periodic cycle 
(tp=21.1 sec).------------------------------------------------------------------------------- 107 

Fig. 4.60 Side view flow photo taken at the cross plane θ 0  & 180=  at certain 
time instant in a typical periodic cycle and time records of air 
temperature at selected locations in middle horizontal plane Z=0.5 with 
H=20.0 mm for Rej=135 (Qj = 1.0 slpm), Ra=11,270 (∆T= 15.0
℃), Re 0Ω =  and Dj=10.0 mm (tp=21.1 sec). ----------------------------------------- 108 
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Fig. 4.61 Side view flow photos taken at the cross plane θ 0  & 180=  at certain 
time instants in the steady or time-periodic state at H=20.0 mm for 
Rej=135 (Qj=1.0 slpm), Ra=11,270 ( T 15.0 C)∆ = °  and various 
rotational Reynolds number ΩRe = (a)0, (b)778, (c)1,557, (d)2,335, 
(e)3,114 and (f)3,892.--------------------------------------------------------------------- 109 

Fig. 4.62 Time records of non-dimensional air temperature for Rej=135 (Qj =1.0 
slpm), and Ra=11,270  (∆T= 15.0℃) at location (R, Z) = (0.54, 0.5) on 

the cross plane θ 0  =  with H=20.0 mm for ReΩ = (a)0, (b)778, 

(c)1,557, (d)2,335, (e)3,114 and (f)3,892. --------------------------------------------- 110 

Fig. 4.63 Nonperiodic vortex flow for Ra = 15,030 (∆T= 20.0℃) at Rej =135 (Qj = 
1.0 slpm) and ΩRe = 0 (Ω = 0 rpm) illustrated by side view flow photos 
taken at the vertical plane θ 0  & 180=  at selected time instants in the 
statistical state. ---------------------------------------------------------------------------- 111 

Fig. 4.64 Side view flow photo taken at the cross plane θ 0  & 180=  at certain 
time instant in the statistical state and time records of air temperature at 
selected locations in the middle horizontal plane Z=0.5 with H= 20.0 
mm for Rej =135 (Qj=1.0 slpm), Ra=15,030 (∆T=20.0℃), Dj=10.0 mm 
and Re 0Ω =  (nonperiodic flow).------------------------------------------------------ 112 

Fig. 4.65 Side view flow photos taken at the cross plane θ 0  & 180=  at certain 
time instants in the steady or statistical state at H=20.0 mm for Rej=135 
(Qj=1.0 slpm), Ra=15,030 ( T 20.0 C)∆ = °  and ΩRe = (a)0, (b)778, 
(c)1,557, (d)2,335, (e)3,114, (f)3,892, (g)5,838, and (h)7,785. --------------------- 113 

Fig. 4.66 Time records of non-dimensional air temperature for Rej=135 (Qj = 1.0 
slpm) and Ra=15,030 (∆T= 20.0℃) at location (R, Z) = (0.54, 0.5) on 

the cross plane θ 0  = with H=20.0 mm for ReΩ = (a)0, (b)778, 

(c)1,557, (d)2,335, (e)3,114, (f)3,892, (g)5,838, and (h)7,785. --------------------- 114 

Fig. 4.67 Side view flow photo taken at the cross plane θ 0  & 180=  at certain 
time instant in the statistical state and time records of non-dimensional 
air temperature at selected locations in middle horizontal plane Z=0.5 
with H= 20.0 mm for Rej =135 (Qj=1.0 slpm), Ra=18,790 (∆T=25.0℃), 
Dj=10.0 mm and Re 0Ω =  (nonperiodic flow). -------------------------------------- 115 

 



 xvii

Fig. 4.68 Side view flow photos taken at the cross plane θ 0  & 180=  at certain 
time instants in the steady or statistical state at H=20.0 mm for Rej=135 
(Qj=1.0 slpm), Ra=18,790 ( T 25.0 C)∆ = °  and ΩRe = (a)0, (b)778, 
(c)1,557, (d)2,335, (e)3,114, (f)3,892, (g)5,838, and (h)7,785. --------------------- 116 

Fig. 4.69 Time records of non-dimensional air temperature for Rej=135 (Qj = 1.0 
slpm), Ra=18,790 (∆T= 25.0℃) at location (R, Z) = (0.54, 0.5) on the 

cross plane θ 0  = with H=20.0 mm for ReΩ = (a)0, (b)778, (c)1,557, 

(d)2,335, (e)3,114, (f)3,892, (g)5,838, and (h)7,785.--------------------------------- 117 

Fig. 4.70 Time records of non-dimensional air temperature and the corresponding 
power spectrum densities for Rej=135 (Qj = 1.0 slpm), Ra=11,270 
( 0.15T =∆ ℃) at location (R, Z)=(0.54, 0.5) for °=θ 0  with H=20.0 
mm and Dj=10.0 mm for ReΩ = (a)0, (b)778, (c)1,557, and (d)2,335. ------------ 118 

Fig. 4.71 Time records of non-dimensional air temperature and the corresponding 
power spectrum densities for Rej=135 (Qj = 1.0 slpm), Ra=15,030 
(∆T 20.0= ℃) at location (R, Z)=(0.54, 0.5) for °=θ 0  with H=20.0 
mm and Dj=10.0 mm for ReΩ = (a)0, (b)778, (c)1,557, and (d)2,335. ------------ 119 

Fig. 4.72 Flow regime map delineating the axisymmetry and non-axisymmetric 
vortex flows for H= 20.0 mm.----------------------------------------------------------- 120 
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NONMENCLTURE 

Dj  Diameter of jet at the injection pipe exit (mm) 

Dw Diameter of disk (mm) 

Gr  Grashof number, 23THg ν∆β   

g  Gravitational acceleration (m/s2) 

H Distance between the exit of injection pipe and heated disk (mm) 

Nu Nusselt number 

Numean Mean Nusselt number 

Qj Jet flow rate (Standard Liter per Minute, slpm)  

Qp  Disk pumping flow rate (Standard Liter per Minute, slpm), 

1/ 20.886πrνReΩ  

z,,r θ   Dimensional coordinates in cylindrical coordinate system 

Z,,R Θ  Dimensionless coordinates H/z,,R/r c θ  

Pr Prandtl number, ν/α 

Ra Rayleigh number, 3gβ∆TH αν  

Rc Radius of cylindrical chamber (mm) 

Rw Radius of disk (mm) 

Rej Jet Reynolds number, j jV D ν  

 ΩRe  Rotational Reynolds number, 2
wΩR ν  

Ri  Richardson number, Gr/ Rej
2 

Sc Schmidt number 

Sh  Average Sherwood number 

Ta Ambient Temperature ( )℃  

Tf Temperature of the heated disk ( )℃  



 xix

Tj Temperature of jet at the injection pipe exit ( )℃  

t Time (sec) 

uj Average velocity of the jet at the nozzle exit (m/s) 

uR Tangential velocity of the disk at the jet impingement radius (m/s) 

jV  Average velocity of the air jet at the injection pipe exit (m/s) 

Greek symbols 

α Thermal diffusivity (cm2/s) 

β Thermal expansion coefficient (1/K) 

∆T Temperature difference between the heated disk and the air injected into 

the chamber (℃) 

ν Kinematic viscosity (cm2/s) 

Φ Non-dimensional temperature, ( ) ( )jfj TT/TT −−  

Ω  Disk rotation rate (rad/s) 

  

 


