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온도구배가 Taylor-Couette유동의 불안정성에 주는 영향에 관한 연구
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Study of Different Radial Temperature Gradient Effect on

Taylor-Couette Flow Instability

Jae-Eun Cha, Dong Liu, Xin Cheng Tu and Hyoung-Bum Kim

Abstract. We have investigated different radial temperature gradient effect on the stability of Taylor-Cou-

ette flow. The radius ratio and aspect ratio of the model was 0.825 and 48, respectively. Two heating

exchangers were used for generating different temperature gradient along the radial direction. The change

of flow regime in the Taylor-Couette flow was studied by increasing the Reynolds number. The results

showed that: as Gr is increased in helical vortex flow regime, the vortices with the same direction of con-

vection flow increased in size, and the vortex moving velocity also increased. It is also shown that the

presence of temperature gradient obviously increased the flow instability when the Richardson number

is larger than 0.0045
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1. Introduction

The rotating flow in the annular gap between two

concentric cylinders exhibits interesting flow insta-

bility phenomena when the difference of the angu-

lar velocities of the inner cylinder and outer

cylinder increases above a certain critical Rey-

nolds number. This flow is called a Taylor-Couette

flow after the pioneering work by Taylor (1). Since

then, many researchers have studied the instability

causing Taylor vortices. Different methods were

given for solving this eigenvalue problem by

Jones(2), Wereley and Lueptow(3), Rigopoulos et

al.(4), Marques and Lopez(5). These studies have

been performed under plain wall and isothermal

conditions. A few works have been addressed on

the flow transition process under non-isothermal

conditions. Especially little experimental work was

done.

Lee, et al.(6) studied Taylor-Couette system with

different numbers of slits in the outer cylinder by

using DPIV method. However, their study was lim-

ited to the isothermal conditions. The temperature

between two rotating cylinders varies in many engi-

neering problems. Lepiller et al.(7) studied the influ-

ence of radial temperature heating on the stability of

the circular Couette flow, in their experiment, the

Grashof number varied from -1000 to 1000, and

they found that a radial temperature gradient destabi-

lizes the Couette flow leading to a pattern of travel-

ing helicoidal vortices occurring near the bottom of

the system. They also found that the size of the pat-

tern increases as the rotating velocity of the cylinder

is increased. Takhar et al.(8) studied the effects of

radial temperature gradient on the stability of flow in

a narrow-gap annulus with constant heat flux at the

inner rotating cylinder. Lee and Minkowycz(9) stud-
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ied heat transfer characteristics by using the naph-

thalene sublimation technique in the annular gap

between two short concentric cylinders which had

either two smooth walls or one smooth and one axi-

ally slit wall. These studies yielded qualitative infor-

mation regarding heat transfer but did not address

the flow phenomena inside the annular gap.

The present work explores the effect of a differ-

ent radial temperature gradient quantified by the

Grashof number on the transition process of Tay-

lor-Couette flow in plain model. We used digital

particle image velocimetry (DPIV) to measure the

flow field inside the gap. We believe this study can

help not only to improve the performance of

machinery but also to understand flow instability

phenomena in Taylor-Couette flow.

2. Experimental Apparatus and Method

The experimental setup mainly consists of two

coaxial cylinders, showed in fig. 1. The inner cylinder

is made of aluminum pipe with black coated outer for

preventing the reflection of laser, which has an

external radius ri =33 mm, the outer cylinder was

made of acryl glass and has an inner radius

ro =40 mm.The annular gap (d) between the cylin-

ders was 7 mm and the length of the cylinders (L)

was 336 mm. The radius ratio and aspect ratio were

0.825 and 48 following the studies of Cole(10) and

Wereley and Lueptow(3). The inner cylinder was

rotated with micro stepping motor having a resolu-

tion of 400,000 steps per revolution. This micro

stepper motor was controlled through a computer,

which allowed for the precise control of angular

velocity (Ω) and the acceleration to the preset

velocity. The outer cylinder was kept stationary.

Fig. 2 shows the geometries of experimental model

used in this study.

The working fluid filling the annular gaps

between the sets of concentric cylinders also filled

the space between the outer cylinders and the

boxes. The complex geometry and curved surfaces

of the outer cylinders hindered obtaining clear

images via the particle image velocimetry (PIV)

method because of the difference in refractive

indexes. This can incur a large number of spurious

velocity vectors during PIV measurement. There-

fore, we used the refractive index matching method

to avoid light refraction. To match the refractive

index of the acrylic outer cylinder and the working

fluid, a saturated aqueous solution of sodium iodide

was used. The weight ratio of the sodium iodide

was 64wt%. The kinematic viscosity of the sodium

iodide solution was n = 1.52cSt at 24oC and it was

measured using a Cannon-Fenske viscometer. 

For investigating the different temperature gradi-

ent effect, two heat exchangers were installed

inside the inner cylinder and in the gap between the

enclosure box and the outer cylinder, which were

connected with two constant temperature baths, by

adjusting the temperature and the flow rate of con-

stant temperature bath, different temperature gradi-Fig. 1. Schematic diagram of experimental apparatus.

Fig. 2. Geometries of experimental model.
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ent could be generated between two cylinders. 

The effect of temperature gradient is parameter-

ized by the Grashof number, defined as Gr =

d3βg∆T/n, where g is the acceleration due to grav-

ity, b is the coefficient of thermal expansion of

working fluid, and ∆T is the temperature gradient

across the gap. ∆T is defined as (T1 - T2) and thus

is considered to be positive if the inner cylinder is

hotter than the outer. In this paper, the DT is 4oC

and 6oC, and the Grashof number in our research is

3600 and 6700, respectively. 

In this experiment, the critical condition may be

expressed as a rotating Reynolds number Re, defined

as Re = ridΩ/n.

3. Results and Discussion

Because of the existence of the temperature gra-

dient, natural convection current is set up at first. 

Natural convection flow of different Grashof

number was measured when the concentric cylin-

ders are stationary, which is shown in Fig. 3. The

axial position, Z* = z/d, and the radial position,

R* = (ro-ri)/d, are normalized by the annular gap

width so that it varies from R* = 0 at the inner cyl-

inder to R* = 1 at the outer cylinder of plain model.

Vectors indicate velocity in the axial radial plane.

The background represents the vorticity distribu-

tion, which was calculated from the radial velocity

vr and axial velocity vz using the equation ω = dvr/

dz-dz/dr. This figure just shows the strong convec-

tion flow developed as Gr increased.

Fig. 4 Shows the instantaneous velocity fields ofFig. 3. Instantaneous velocity fields of natural convection.

Fig. 4. Instantaneous velocity fields of helical vortex

flow at Re = 115.
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plain model at Re = 115, helical vortex flow appeared

at this Reynolds number, the characteristic of this kind

flow is that the counter-rotating vortices have the ten-

dency of moving along the axis. This figure illus-

trates two important phenomena as Gr is increased.

The first is the change in the size of Taylor vorti-

ces and the second is the vortex moving velocity.

When Gr is zero and there is no natural convection

flow, both the vortices in a vortex pair have the

same size(6). For positive Gr, near the inner region

has higher temperature than the outer region, there-

fore, the direction of the convection current is

upwards near the inner cylinder and downwards

near the outer cylinder(11), so the convection effect

generate a counterclockwise flow. As a result of

this, the vortices have the same direction of circula-

tion as the natural convection current increases in

size. The counter rotating vortices, on the other

hand, decreases in size. As Gr is increased, the left

vortex in the vortex pair increased in size shown at

Fig. 4. And also as Gr is increased, the vortex mov-

ing velocity increased because of strong convec-

tion flow.

Fig. 5 shows the instantaneous velocity fields of

plain model at Re = 150. At the same Reynolds

number, wavy vortex flow appeared when Gr is

zero, and random helical vortex flow appeared

when Gr is 1000 from previous studies(6, 7). How-

ever, at helical wavy vortex flow appeared at

Gr=3600 and 6700. As increasing Reynolds num-

ber, wavy vortex flow appeared. Fig. 6 shows the

instantaneous velocity fields when Re is 800.

Fig.7 shows the wavy frequency of different

temperature gradient as Re increase. Compared

with previous research(6), the wavy frequency

decrease as Gr increase.

In case of Taylor-Couette flow with temperature

gradient, two aspects affect the flow instability of

Taylor-Couette flow system. One is rotational

force, which is caused by the inner cylinder rota-

tion. The other is buoyancy force, which is caused

by the presence of a radial temperature gradient.

Here Richardson number is introduced to distin-

guish which force is dominant(12), defined as

Ri = Gr/Re2.

At Gr = 3600, we found when Re is smaller than

900, the vortex shape and wavy frequency have

large difference compared with the isothermal con-

dition(6). When Re became larger than 900, however,

the difference became smaller. At this condition, Ri is

0.0045. When Gr is 6700, Above Re = 1220, the

difference became smaller and the Ri is also 0.0045

Fig. 5. Instantaneous velocity fields of Helical Wavy

Vortex Flow at Re=150.
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at this condition. From these results, under both

temperature gradients studied in this research,

when Ri is larger than 0.0045, both the tempera-

ture gradient and the rotational forces affect the

flow instability and when Ri is smaller than

0.0045, the rotational forces are dominant.

4. Conclusion

The effect of different temperature gradient on

the instability of Taylor-Couette flow was investi-

gated. Through adjusting the rotation speed of the

inner cylinder gradually, we investigated different

flow regimes between two cylinders. 

From the results, we found that in helical vortex

flow regime, as Gr is increased, the left vortex in

the vortex pair increased in size, and the vortex

moving also increased because of stronger convec-

tion flow effect.

When Ri is larger than 0.0045, both the tempera-

ture gradient and the rotational forces affect the

flow instability. However, when Ri is smaller than

0.0045, the rotational forces are dominant.
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