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Abstract-Experiments encompassing both flow visualization and heat transfer measurements (125 c 
Rein < 1700 and 2.5 x 105 < Gr, c 5 x 10’) are performed to investigate buoyancy induced instabilitv 
of developing laminar upflow and downflow of water in a vertical annulus having a diameter ratio of 
2.0. The inner wall of the annulus is uniformly heated and the outer wall is insulated. Incipient Row 
instability is detected from the video images of the dyed flow field, the simultaneous decrease in the 
temperature difference between the heated wall and the water bulk from its laminar value and the 
fluctuations in the coolant temperature. The measured values of .rr,, based on the video images of the dyed 
flow fields, are correlated for both buoyancy assisted and opposed flows as functions of local Grashof 
number, Gr,, and local Reynolds number, Re. The Nusselt numbers for buoyancy induced turbulent flou-s. 
occurring downstream of the location of incipient instability. are as much as three times higher than those 
for stable laminar flows at the same inlet Reynolds number. but at lower Gr,. The heat transfer data for 
buoyancy induced turbulent flows are correlated as : 

Nu = 0.088R~‘.‘~ Re-‘-“, Y I” for upflow 

Nu = 0.21 Ra’-” Re-‘.I*, u I” for downflow 

INTRODUCTION 

IN LAMINAR flows of water in vertical annuli hydro- 
dynamic instability arises when the induced variations 
in the density and viscosity with temperature distort 
the axial velocity field, causing a disturbance which 
grows as it is convected downstream [l]. However, 
the degree to which the axial velocity profile in the 
annular gap is distorted depends on the flow direction 
and the relative magnitudes of the buoyant and in- 
ertial forces. At the onset of flow instability, flow 
stagnation may occur near the outer adiabatic wall or 
near the inner heated wall, for buoyancy assisted and 
opposed flow, respectively. Beyond this point, referred 
to as ‘location of incipient flow instability’ or ‘location 
of flow transition’, xrr, the disturbances grow giving 
rise to turbulent flow. For boundary layer flows the 
transition criteria have been displayed by the sim- 
ultaneous presence of significant temperature fluc- 
tuations and a decrease in the temperature difference 
across the boundary layer from its laminar value for 
isoflux condition [I] ; these criteria were verified in 
this research. 

Numerous studies investigating the transition of 
natural and forced laminar flows of water in vertical 
annuli and tubes have been performed [2-71. How- 
ever, no correlations for predicting the location of 
incipient flow instability. .+, were reported. Also, 
heat transfer data for buoyancy induced turbulent 
flow, downstream of the location of flow transition, is 

minimal and heat transfer correlations are nonexistent 
[2, 31. Most experimental and theoretical investiga- 
tions have focused only on studying the conditions 
leading to the onset of flow instability and on relating 
these conditions to the magnitude of the induced dis- 
tortion in the velocity profile [2-lo]. 

Although the results of experiments investigating 
flow instabilities in other geometries (such as vertical 
tubes, open channels and between parallel plates) are 
not applicable to annular geometry, they are briefly 
reviewed here because the phenomena and conditions 
marking the onset of flow instability are similar. 
Hanratty et al. [4]. Sheele and Hanratty [4. Hallman 
[6], and Sheele ef af. [-/1 have experimentally studied 
the instabilities of combined natural and forced lami- 
nar flows of water in uniformly heated vertical tubes. 
Sheele and Hanratty [S] varied the length of the test 
section from 152 to 762 tube diameters. They deter- 
mined the ratios of heat flux to mass flow rate (Gr,/Re) 
for inducing flow instabilities at the exit of the test 
section as a function of inlet Reynolds number. To 
visualize the flow field and detect the onset of flow 
instability, Hanrattyetaf. [4], Sheeleand Hanratty [5], 
and Sheele et al. [7l used the dye-injection technique. 
Observation of flow fields by Sheele and Hanratty [5], 
and Sheele et al. (71 revealed that in buoyancy assisted 
flow the transition to turbulent flow occurred through 
a gradual growth of small disturbances. However, 
for buoyancy opposed flow, this transition occurred 
suddenly. inducing flow mixing that typifies turbulent 
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NOMENCLATURE 

4 cross sectional flow area [m’] x dimensionless axial distance. .r, D, 

c, specific heat (kJ kg- ‘1 AX dimensionless distance measured from 
D diameter [m] the location of incipient flow instability 

Q equivalent diameter, (D, - D,) [m] in the direction of the Bow. 

9 acceleration due to gravity. 9.81 m s-* 

Gr, Grashof number, g/3D:qjv’k Greek symbols 
k thermal conductivity [w m- ’ K- ‘1 B coefficient of volumetric expansion [K- ‘1 
L length of the heated section [m] E annulus ratio, Do/D, 
ti mass flow through the annulus [kg s- ‘1 p dynamic viscosity of water [kg m- ‘s- ‘1 
NU Nusselt number, qD,/k( T, - TJ V kinematic viscosity [m’s_ ‘1 
P total power to the heater [w] P density of water [kg m- ‘1. 
Pr Prandtl number, pC,,;‘k 

4 surface heat flux, P;nD,L [W m-‘1 Subscripts 

Ra, Rayleigh number, Gr, - Pr b water bulk temperature 
Re Reynolds number, rizD,/A,p fr location of incipient instability 
T temperature [K] i inner heated stainless steel tube 
AT temperature drop across the boundary in inlet of the test section 

layer, T, - T, 0 outer wall of the annulus 
I axial distance measured from the entrance tr incipient flow instability at the exit of the 

of the heated section in the direction of heated section 
the flow [m] W heated wall. 

flow. As discussed later, a similar behavior was 
observed in the present experiments for water flows 
in a vertical annulus with a uniform wall heat flux. 

Rosen and Hanratty [3] developed a simplified 
model, based on an approximate solution of the 
boundary layer equations, to predict the onset of flow 
instability in vertical tubes with an isothermal wall. 
The location of incipient flow instability was inter- 
preted as that at which both the axial velocity and its 
radial gradient vanish at the center of the tube. They 
compared the model predictions with the exper- 
imental data of Sheele er al. [7]. At low Gr/Re values 
(Gr,/Re < 500) the flow instability occurred far down- 
stream ((x&D Re Pr) > 20), which is indicative of 
fully developed flow, and the agreement between the 
model predictions and the experimental data was 
good. However, when GrjRe > 500 ilow transition 
occurred very close to the start of the heated section, 
which is a case of developing flow, the model under- 
predicted the values of xrr by as much as 65%. This 
discrepancy was partially attributed to the invalidity 
of the boundary layer solution, which excludes the 
radial momentum transfer, to describe the developing 
flow [3]. In a companion paper by the authors the 
effect of radial momentum transfer on xr, is quantified 
for vertical annuli with isoflux heating and found to 
be important for developing flows [I I]. 

In a separate investigation of combined laminar 
flow in vertical tubes with uniform wall heat flux, 
Hallman [6] measured xrr as a function of the inlet 
Reynolds number and the surface heat flux. Instead 
of the dye-injection technique, Hallman [6] used wall 
thermocouples to detect the location of incipient flow 
instability. However, it was difficult to accurately 

determine the values of .vrr because the wall tem- 
perature thermocouples were placed about 5 cm apart 
and the wall temperature fluctuations were damped 
by the heat capacity of the tube. Based on his own 
data, Hallman proposed an empirical criterion, relat- 
ing Ra, evaluated at the local film temperature, to the 
local Graetz number (Re Pr D/x,), for predicting the 
transition to turbulent flow. This criterion was later 
used by Metais and Eckert [ 121 to demarcate laminar 
and turbulent flows in their flow regime map. The 
validity of Hallman’s criterion has never been verified 
for developing flow at high heat fluxes nor for other 
geometries. 

Mullin and Gerhard [8] studied the heat transfer in 
downward flow of water in vertical tubes with uniform 
wall temperature at low Graetz numbers (G: < 400). 
They found that Nusselt numbers for heating were 
higher than might be expected for stable laminar 
downflow, and were slightly higher than or about 
the same as those for upflow. They attributed this 
enhancement in the heat transfer rate to the occur- 
rence of flow instabilities similar to those observed by 
Sheele et al. [7]. Other experiments investigating the 
effect of buoyant forces on heat transfer in laminar 
downflow of air between two vertical parallel plates 
have shown that raising the heat flux destabilizes the 
boundary layer adjacent to the heated surface, thus 
increasing the heat transfer coefficient [13, 141. How- 
ever, no heat transfer correlations were proposed for 
predicting the heat transfer rates. 

It is evident that additional experiments and model- 
ing of developing laminar flow in vertical annuli are 
needed to accurately predict the location of incipient 
flow instability as well as to measure and correlate the 
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heat transfer data in the downstream turbulent flow 
region. To characterize the onset of flow transition 
and quantify its effect on heat transfer, this research 
performed flow visualization and heat transfer exper- 
iments for both buoyancy assisted and opposed flows. 
The experiments used both the dye-injection and wall 
and coolant temperature traces techniques to deter- 
mine the location of incipient flow transition in a 
vertical annulus having a uniformly heated inner wall 
and an adiabatic outer wall. In addition, the measured 
Nusselt numbers for buoyancy induced turbulent 
flows were correlated and compared with those 
reported previously for forced and combined laminar 
flows at the same Re,,, but at lower Gr, values [IS]. 

Description of the test section 

The present annulus of E = 2.0 consists of a uni- 
formly heated 316 stainless steel tube, 12.7 mm o.d., 
90 cm long and 0.6 mm thick, and an insulated plexi- 
glas tube of 25.4 mm i.d. The stainless steel tube was 
silver brazed at both ends to brass tubes; each was 22 
cm long and 12.7 mm in diameter. Each brass tube 
was then screwed into a copper connector, 40 mm o.d. 
and 22 cm long for connecting the test section to a 
200 kW d.c. power supply. Each copper connector 
had a central hole, 15 mm in diameter, all along its 
length to allow access for measuring the temperature 
at the inner surface of the heated tube. Gold washers 
were placed between the brass tubes and the copper 
connectors to ensure good electrical contact. The heat 
generated in the brass tubes and the copper connectors 
was very small (c I %) compared to that generated in 
the stainless steel tube. The test section, vertically 
centered inside the plexiglas tube, was mounted 
between two aluminum headers; each was 20 cm high 
and 20 cm i.d. These headers were included in the 
design of the test section to : (a) provide mixing of the 
water at both the entrance and the exit of the test 
section, (b) provide a flat axial velocity profile at the 
entrance to the annulus, and (c) neutralize any pump- 
ing induced instabilities, if present. The flow was then 
allowed to hydrodynamically develop while flowing 
through the unheated part of the annulus that pre- 
cedes the heated stainless steel tube. Figure I shows 
the longitudinal cross section of the test section. 

E.rperimental measurements 

Because the heat generated in the stainless steel tube 
is directly related to its electric resistivity, it was not 
possible to measure the surface temperatures using 
spot welded thermocouples. Such spot welding would 
have altered the thickness of the tube and, conse- 
quently, would have reduced the local heat generation 
of the weld. Additionally, placing the thermocouple 
leads along the outer surface of the tube would not 
only have disturbed the flow fields but would have 
changed the heat transfer due to the fin effect. To 
avoid such uncertainties, a special probe was designed 
for measuring the temperature of the inner surface of 
the heated tube [IS]. The surface temperatures of the 
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FIG. I. Cross-sectional view of the test section employed in 
the experiment. 

heated wall were obtained from the temperatures mea- 
sured at the inner surface of the heated tube after 
correcting for the temperature drop (of the order of 
0.5 K) across the wall (thickness 0.6 mm). 

The cool ant temperatures were monitored near the 
outer adiabatic wall at seven axial locations, 20, 30, 
40, 50, 60, 70, and 80 cm from the bottom of the 
heated section. Although the surface temperatures of 
the heated tube were only measured at five locations 
at a time, the temperature probe was adjusted inside 
the tube so that the wall surface temperatures could 
be measured at the same seven axial locations as the 
coolant temperatures. In this paper the coolant tem- 

perature refers to the water temperature near the outer 
wall of the annulus (z I mm from the inner surface 
of the wall) which differs from the bulk temperature 
obtained from the heat balance. The bulk temperature 
was used to evaluate the local values of Nusselt num- 
bers and other dimensionless quantities. All the tem- 
perature measurements, conducted using ungrounded 
OMEGA brand K-type (chrome&alumel) stainless 
steel thermocouples, were within +0.3% of the exact 
values over the entire temperature range in the exper- 
iments (288-358 K). 

During the upflow experiments the water rates 
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through the test section were directly measured using 
a Dwyer rotometer (0.2-2.0 GPM) and Signet turbine 
meter (2.0-20.0 GPM). In the downflow experiments, 
however. the water flow rate was measured by per- 
forming a heat balance using the recorded rise in 
the water temperature across the heated section. To 
confirm the results of the heat balance, the Row rates 
in the downflow experiments were also measured 
using the weight/time method. The difference between 
these flow rates and those determined from the heat 
balance were within f 5%. The energy dissipation in 
the stainless steel tube was determined from the volt- 
age and current readings of the power supply after 
subtracting the power losses in the electric cables, 
brass tubes, and electric connectors (7.3%). The un- 
certainties in the electric power readings were less than 
2%. More details on the uncertainties in the heat 
transfer data and measurements are available else- 
where [ 151. 

E.~perimental conduct 
In each experiment, the mass flow rate through the 

annulus was kept constant while the electric power to 
the heated section was incremently increased until 
flow instability occurred near the exit of the heated 
section. At each increment. the electric power to the 
test section was kept constant and a dye solution was 
injected into the flow stream. The dyed images of the 
flow field were recorded on a video tape and viewed 
on a video monitor. Because the injection of the dye 
solution into the annular gap amounts to an incremen- 
tal increase in the mass flow rate, sometimes up to 
2%, temperature measurements were recorded only 
after the dye solution was completely cleared from the 
annular gap. In the experiments, the surface tem- 
peratures of the heated section were kept below 358 
K to avoid disturbing the boundary layer at the heated 
wall by the release of dissolved gases. This tem- 
perature is slightly lower than the water boiling tem- 
perature (367.4 K) in Albuquerque, New Mexico. 

The Reynolds numbers were varied from 330 to 
1100 for upflow and from 100 to 1133 for downflow 
while the heat flux was increased in small increments 
up to 7.8 x IO4 and 7.23 x 10J W m-I for upflow and 
downflow, respectively. The experimental conditions 
were established so that the ratio of the water viscosity 
at the heated wall to that at the inner surface of the 
outer wall was between 6.5 and 4.0 for upflow and 
between 7.0 and 4.0 for downflow while the inlet tem- 
peratures varied between 288 and 308 K. 

Flow cisuulization 
The flow visualization experiments employed two 

techniques for detecting the onset of flow instability : 
(a) dye solution injection, and (b) wall and coolant 
temperature traces. In the first method, the flow field 
was characterized by injecting a thin filament of dye 
solution into the flow stream. For this purpose the 
test section was equipped with two fine syringes placed 
8 cm above and below the heated section. While the 

syringe needle was bent in the direction of the flow to 
avoid disturbing the flow field, the tip of the syringe 
needle was perpendicular to the flow direction to 
minimize the jet effect of the injected dye solution. In 
this configuration the dye solution lost its imparted 
energy while traveling in the radial direction, and 
thereafter traveled with water in the annular gap. The 
density of the dye solution employed in the present 
experiments was equal to that of water. The images 
of the dye flow fields were documented by still photo- 
graphs (a representative photograph is presented later 
in the paper) and on a video tape. The video images, 
captured using a Panasonic video camera with magni- 
fication of approximately 250% were used to deter- 
mine the location of the onset of flow instability in 
both the upflow and downflow experiments. 

In the second method, the onset of flow instability 
was detected by monitoring the recorded traces of the 
surface and the coolant temperatures’ thermocouples. 
When flow instabilities ensued, the heater’s surface 
temperatures downstream and, also occasionally up- 
stream of that location, underwent random oscil- 
lations. However, the random oscillations of the cool- 
ant temperatures occurred only downstream of the 
location of incipient flow instability. The location 
of incipient instability was also detected from the 
decrease in the measured temperature difference 
between the heated wall and the water bulk below that 
of stable laminar flow at the same inlet Reynolds 
number. Subsequently, the coolant thermocouple 
traces were used to determine the approximate 
location of the onset of flow instability. However, 
since the coolant thermocouples were placed IO cm 
apart, more accurate determination of the location of 
the onset of flow instability was obtained from the 
video images of the flow field. The uncertainties in 
determining the location of incipient flow instability 
from the video images were within + IO and 20% for 
buoyancy assisted and opposed flows, respectively. 

RESULTS AND DISCUSSIONS 

At a given inlet Reynolds number and for Gr, values 
less than that required to initiate flow instability at 
the exit of the heated section, (Gr,),,, the flow was 
stable along the entire length of the annular test sec- 
tion [ 151. The stability of the flow at these low heating 
rates was confirmed by injecting a thin filament of dye 
solution into the annular gap and observing the flow 
field. The dye filament was continuous over the entire 
length of the test section. As the heating rate increased 
and Gr, approached (Gr,),,, the otherwise stable dye 
filament started fluctuating at the exit of the heated 
section indicating the onset of flow instability at that 
location. This observation was true for both buoyancy 
assisted and opposed flows. Increasing Gr, beyond 
(Gr,),, moved the location of incipient closer to the 
entrance of the heated section. A similar observation 
was reported by previous investigators [4-71. They 
only measured (Gr,,),, as a function of Re,,. However, 
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FIG. 3. Experimental data of ,Y,, for buoyanq as&ted and 
opposed laminar flows in 3 vertical ~~nntlltlj habing ;I di- 

rtmrter ratio of 3. 

in the present study s,., was measured as a function ot 
Gr,, and both local Re and Rc,,. Figure 2 prcscnts the 
measured values of sir as (Gr,, Rr) YS (Rr PI- D, x,,) 
Sor both buoyancy assisted and opposed flows. As 
evident from this figure at the same (Re Pr D, _r,.,) 
the value of Gr, rcquircd to initiate instability for 
buoyancy assisted How is larger than that for buoy- 
ancy opposed Row. Results in Fig. 7 also show that 
for a given Re and Pr valises. increasing Gr,, Re moves 
.\-., closer to the entrance of the heated section. 

In ref. [I I] the experimental measurements of .Y,.~ 

\\ere compared with the predictions of a numerical 
model based on the elliptic Navier-Stokes equations. 
In the model the location of incipient instability was 
defined as that where the radial gradient of the axial 
velocity (near the inner surface of the outer adiabatic 

n-all or near the inner heated wall for buoyancy 
assisted and opposed flows, rcspcctivclj) bccomcs 
equal to zero. The model predictions of _vir were in 
reasonable agreement with the data (see Figs. 2 and 3 
in ref. [I I]). 

Based on the model and experimental results the 
following criteria for incipient tlow instability were 
proposed for buoyancy assisted and opposed flokvs in 
vertical annuli [I I] 

[(Gr,!Re)-(Gr,/Rr),,] = A(RePr,‘/Y,,)h(c-c I) (I) 

bvhere (CryiRe),, = 3850, A = 0.1s and b = 3.32. for 

LIPROW. and (Gr,,,Rr),, = 1500. A = 15.15 and 
h = 0.9, for downflow. These criteria were in good 
agreement with the experimental data for both buoy- 

ancy assisted and opposed flows (see Fig. I I of ref. 

[I 11). 

In addition to determining the values of s,.~. the 
foe visualization experiments also provided crucial 
information for characterizing the flou- fields both 
upstream and downstream of the location of incipient 
flow instability. The following sections present and 
discuss the observed Row tield characteristics for 
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FIG. 3. A pictorial lie\\ of the transition of lam~nar upflow 
to btqanc- induced turbulent tlov 

Figures 3 and 1 present photographic images of 

the flow fields for buoyancy assisted HOU at Gv,, of 
4.76 x IO’ and Rr,, of 500. As Fig. 3 sho\vs. the dye 
filament was stable up to 22 cm from the entrance; 
then. it started oscillating immediately downstream of 
this location. The HOW became increasingI! unstable 
in the next 7 cm but the observed mixing \ias modcr- 
ate. In the region that extended from the 29 cm mark 
to the top of the heated section. H-here the flow became 
turbulent. the dye solution was thoroughl! mixed with 
water. 

Figure 5(a), an artist’s conception of the observed 
flow fields. indicates that the How field in a buoyancy 
assisted flow can bc divided into three successi1.e 

buoyancy assisted and opposed flows. regions. 
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FIG. 5. Artist’s conception of the transition of laminar upflow and downflow to buoyancy induced turbulent 
flow in vertical annuli. 

(a) A stable 1aminarjIow region exists at the entrance 

to the heated section where the dye filament is stable 
and continuous. 

(b) A localflow mixing (transition) region is a short 
region downstream of the stable laminar flow region. 
This region is highlighted by formation of vortices 
near the outer wall. The flow mixing in this region is 
moderate and, as will be shown later, its influence on 
the heat transfer is moderate. 

(c) A turbulent flow region succeeds the local flow 
mixing region and is characterized by extensive tur- 
bulent mixing. Figures 3 and 4 illustrate the prevailing 
turbulence in this region. 

Buoyancy opposed flow visualization results 
Figure 5(b) is an artistic conception illustrating the 

observed flow fields in buoyancy opposed flow exper- 
iments. Unlike buoyancy assisted flow, the flow field 
for buoyancy opposed flow consists only of two suc- 
cessive regions. 

(a) A stable IaminarJow region exists at the entrance 
of the heated section where the dye filament is stable 
and continuous. 

(b) A rurbulentflow region exists immediately down- 
stream of the stable laminar flow region. In this region 
turbulent mixing of the dye solution with water 

occurs. Unlike buoyancy assisted flow, the transition 
from stable laminar to turbulent mixing conditions in 
buoyancy opposed flow was abrupt and a local flow 
mixing region was not observed, which is in agreement 
with the reported results for tube flows [S, 7], 

Temperature traces technique for detecting the onset 
of pow instability 

The temperature traces method has been used to 
detect the onset of flow instability in both buoyancy 
assisted and opposed flows [6]. While the flow visu- 
alization techniques provide information regarding 
the hydrodynamic transition, the temperature traces 
provide information pertaining to the thermal bound- 
ary layer transition. The coolant and wall thermo- 
couples were monitored using a HP3947A data logger. 
Because the data logger was monitoring 18 channels 
simultaneously (a total of 15 thermocouples, one 
flowmeter, and one each of current and voltmeters), 
the temperature of each thermocouple was recorded 
only five times every second. Because the recording 
time of the temperature traces (200 ms) is significantly 
larger than the response time of the thermocouples 
(10 jcs), it was not possible to quantify the frequency 
of the temperature fluctuations accurately. Despite 
this shortcoming the thermocouple traces provided 
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I I X q 23.62 

X=3t49 __--_- 

FIG. 6. Typical wall temperature traces marking the transition of iaminar downflow to buoyancy induced 
turbulent Row. 

very valuable information regarding the detection of 
flow instability. In Figs. 611, the values of X, were 
determined from the video images of the dyed flow 
fields. 

Figure 6 presents typical wall surface temperature 
traces for the buoyancy opposed flow downstream 
from the location of incipient flow instability 

(Xrr = 15.748). As this figure shows, the transition to 
turbulence has introduced random oscillations in the 
wall temperatures. Although, most of the times wall 
temperature oscillations were observed only down- 
stream of xfr, occasionally thermocouple readings a 
few centimeters upstream were also seen to fluctuate. 

The coolant temperature traces measured 1-2 mm 
from the outer adiabatic wall are presented in Fig. 7. 
As this figure shows, the fluctuations in the coolant 
temperature occurred only downstream of xr,; the 
temperature traces upstream of .~r~ were very similar 
to those for stable laminar flow. In Fig. 7 note that 
the axial location at which AX = 0, marks the onset 
of flow instability and that the negative and positive 
values of AX indicate upstream and downstream 
locations, respectively. As Fig. 7 demonstrates, the 
amplitude of the temperature oscillations decreased 
with the distance downstream of the location of incipi- 
ent flow instability. These results suggest that the 
traces of the coolant temperature, if detected very 
close to each other without disturbing the flow field, 
could be used to determine the location of incipient 
flow instability, in lieu of visual observation. This 
finding is very important, since in most practical appli- 
cations visual observation of the flow field is not 
possible. 

It should be noted that while the video images of 

the flow field allow for measuring the values of srr due 
to hydrodynamic transition of the flow. the thermo- 
couples detect the thermal transition that follows. 
However, because the thermocouples \vere placed IO 
cm apart, the measurement of the location of thermal 
transition in these experiments is not exact and should 
be treated as approximate. Due to this drawback the 
correlations for xrr reported in this paper as well as the 
companion paper pertain only to the hydrodynamic 
transition. 

Figure 8 presents measured traces of the heater’s 
surface temperatures for unstable upflow. As this 
figure demonstrates, the oscillations of the heater’s 
surface temperatures are less frequent and much less 
intense than those for buoyancy opposed flow (see 
Fig. 6). Figure 9 plots the coolant temperature traces 
measured for upflow at various axial locations, both 
upstream and downstream of the location of incipient 
flow instability. Similar to buoyancy opposed flow, 
the coolant temperatures for buoyancy assisted flow 
only oscillated downstream of the location of incipient 
flow instability. A comparison of Fig. 7 and Fig. 9 
indicates the differences in the frequency and intensity 
of oscillations of the coolant temperatures for both 
upflow and downflow. 

The occurrence as well as the location of incipient 
flow instability for both buoyancy assisted and 
opposed turbulent flows were also detected by com- 
paring the temperature differences between the heated 
wall and the water bulk temperature, AT, with those 
for stable laminar flows at the same Re,,. As pointed 
out earlier, beyond the location of transition in natu- 
ral convection over vertical surfaces, a decrease of 
the temperature difference across the boundary layer 



Buoyancy induced instability of laminar flows in vertical annuli- 2153 

E 1 AX = -7.874 I 

AX = 23.62 

AX = 3149 Power = 0.81 kW Re, = 785 

-i- 43 tdo Artitmry%le b?d 
A-3 s.3 i 

FIG. 7. Typical bulk temperature traces marking the transition of laminar downflow to buoyancy induced 
turbulent Row. 

below its laminar value is reported [l]. Measurement 
of ATvalues in the present study confirmed this obser- 
vation (see Figs. 10 and 1 I). In Figs. 10 and 11 the 
measured values of AT are plotted as functions of 
axial distance from the entrance of the heated section 
for both downflow and upflow, respectively. These 
values are also compared with those predicted for 
stable laminar flows of water using the heat transfer 
correlations developed in a previous study (151 to 
illustrate the effect of flow instability on AT. These 
results, in addition to those presented in Figs. 6-9, 
suggest that the wall and water temperature traces 
could be used to detect flow transition in lieu of the 
flow field visualization in applications where the latter 
is not possible. 

In order to examine the effect of flow instability on 
heat transfer, data were collected for both buoyancy 
assisted and opposed flows and compared with those 

obtained previously for stable flows using the same 
test section [15]. The results of this comparison are 
presented and discussed in the following section. 

Eflect of J~OW instability on heat transfer 
In order to determine the effects of flow instabilities 

on heat transfer for both buoyancy assisted and 
opposed laminar flows, a total of more than 300 heat 
transfer data points were collected from the exper- 
iments in which the heat flux represented by Gr,, and 
the water flow rate, represented by Re,. were varied 
independently. To average the effect of the random 
fluctuations in the local heater’s surface temperature, 
chronological averages of the temperatures collected 
at a single location over a recording period of 120 s 
were used as the corresponding average local wall 
temperature. The water bulk temperature at required 
locations was determined from the heat balance in the 
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FIG. 8. Typical wall temperature traces marking the transition of laminar upflow to buoyancy induced 
turbulent flow. 

test section, then used to calculate the values of the 
local Nusselt number and Grashof number. 

To establish the sensitivity of the developed cor- 
relation to the temperature used to assess the thermal 

FIG. 9. Typical bulk temperature traces marking the tran- 
sition of laminar upflow to buoyancy induced turbulent flow. 

properties of the water, the average Susselt numbers 
in the test section were correlated as functions of Gr, 
and Rr. These were evaluated at the inlet temperature, 
exit temperature. and at the average of the inlet and 
outlet temperatures. The correlation based on the inlet 
temperature, which varied between 285 and 308 K, 
provided the best agreement with the experimental 
results. The results indicate that at low Gr,, stable 
laminar flow prevailed and that Nn v-alues increased 
with Gr, for buoyancy assisted flow. but decreased 
with Gr, for buoyancy opposed flou-. For Gr, values 
exceeding those corresponding to the onset of flow 
instability, IVlr for both buoyancy assisted and op- 
posed flows increased rapidly as Gr, increased. The 
results presented in Figs. I2 and 13 establish that NL~ 
values for unstable flows were as much as three times 
higher than those for stable laminar dove\-s at the same 
inlet Reynolds number but at lower Gr,. This remark- 
able increase in the heat transfer rate for unstable 
flows is a direct consequence of the turbulent mixing 
characteristic of these flows. 

The results also demonstrate the difference in 
behavior between buoyancy assisted and buoyancy 
opposed flows. Figure 12 indicates that the transition 
in downflow from stable to unstable flow happened 
suddenly; this behavior was confirmed by the re- 
corded video images of the flow field (see Fig. S(b)). 
In buoyancy assisted flow, however. the transition 
from stable to unstable flow happened gradually, and 
an intermediate transition region occurs between the 
stable and the turbulent flow regions. In this inter- 
mediate region. the values of Gr, are slightly higher 
than (Gr,,),,, and NIC values increase Hith Gr,, but at 
a slower rate than in the turbulent region downstream. 

Unlike stable laminar flows the heat transfer data 
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FIG. 10. The measured temperature drop across the boundary layer in buoyancy induced turbulent 
downflow. 

for unstable flows shows no consistent dependence of 
NU on axial location. Therefore, the average Nusselt 
number values, obtained after averaging the local 
Nusselt numbers over the length of the test section 
where the flow is stable, were correlated as functions 
of the heat flux represented by Ru, and the water mass 
flux represented by Re,,. 

Figures 14 and 15 present the developed heat trans- 
fer correlations along with the experimental data for 
buoyancy assisted and opposed flows, respectively. In 
these figures, the heat transfer correlations were in 

good agreement with the experimental data : the devi- 
ation between the correlations and the data was gen- 
erally within f 10%. As evident from these figures, 
the heat transfer rates for both buoyancy opposed 
and assisted flows increase with Ra,. However, the 
data exhibited a reverse dependence of Nu on 
Reynolds number, which may be attributed to the 
nature of turbulent flow. 

Figure 16 compares the heat transfer correlations 
developed for stable and unstable flows to confirm the 
continuity of these correlations at the location of flow 

or data (~2.0, o,=m 0n) 

RySSO Re,=7BO 

FIG. II. The measured temperature drop across the boundary laver in buoyancy induced turbulent upflow. 
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FIG. 12. Effect of the transition to buoyancy induced turbulent downflow on the heat transfer rates. 

transition. The stable flow heat transfer correlations 
were developed in a previous paper by the authors 
[I 51. As evident from Fig. 16, at a given Rein and axial 
location, X, the Nu values at the corresponding (Ru,)~, 
can be predicted either by the stable laminar flow or 
the turbulent flow correlation : hence confirming the 
continuity of these correlations at the transition 
between the two flow regimes. Figure 16 also demon- 
strates the significant increase in the Nusselt number 
values in the turbulent flow region compared to those 
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for stable laminar and combined flows at the same 
inlet Reynolds number. 

SUMMARY AND CONCLUSIONS 

Flow visualization and heat transfer experiments 
were performed for low Reynolds number buoyancy 
assisted and opposed flows in a vertical annulus with 
uniformly heated inner wall and unheated outer wall. 
The flow visualization experiments employed two 

UFFLOW 
Annulus ratio = 2.0 I 

BULK FLOW 
MIXING REGION 

STABLE LAMINAR 
-_-_ 

FIG. 13. Effect of the transition to buoyancy induced turbulent upflow on the heat transfer rates. 
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FIG. 14. Heat transfer correlations for buoyancy induced turbulent upflow of water in a vertical annulus 

having a diameter ratio of 2. 

techniques for detecting the onset of flow instability, 
namely, dye injection and the coolant and wall tem- 
perature traces. 

The experiments showed that the flow field in the 
buoyancy assisted flow can be divided into three 
successive regions : stable laminar flow, local flow mix- 
ing, and turbulent regions. In the buoyancy opposed 
flow, the flow field consisted only of stable laminar 
flow and turbulent regions. The temperature traces of 
the heater’s surface and coolant temperatures were 
effective in sensing the onset of flow instability in 
the experiments. Although the occurrence of the flow 
instability induced random oscillations downstream, 
and occasionally upstream, of xR, the coolant tem- 
peratures oscillated only downstream of the location 
of incipient flow instability. The temperature oscil- 

lations in buoyancy opposed turbulent flow were more 
intense than those recorded for buoyancy opposed 
flow at the same inlet Reynolds number. Also, the 
measured differences between the heated wall and 
water bulk temperatures downstream of sTr. were sig- 
nificantly lower than those for stable laminar flow 
at the same Re,,. Hence it was concluded that the 
temperature traces technique can be effectively used 
to detect flow instabilities where visual obsecation of 
the flow field is not readily obtainable. 

The values of the location of incipient flow insta- 
bility X,, which were significantly higher for buoyancy 
assisted flow than for buoyancy opposed flow, 
decreased as G,/Re,, was increased ; the values of X, 
were measured and correlated for both unstable flows. 
Heat transfer data collected and correlated for 

FIG. IS. Heat transfer correlations for buoyancy induced turbulent downtlow of water in a vertical annulus 
having a diameter ratio of 2. 
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FIG. 16. Comparison of buoyancy induced turbulent flow heat transfer correlations with those for stable 
combined laminar flow. 

unstable flow showed that for Grashof numbers which 
exceeded threshold values to initiate Row instability, 
Nusselt number increased rapidly with Grashof num- 
ber. The measured Nusselt numbers for both buoy- 
ancy assisted and opposed turbulent flows were as 
much as three times higher than those measured for 
stable laminar flows at the same Re,,, but at a lower 
Gr,. The values of Nu for both buoyancy assisted and 
opposed turbulent flows increased as X, decreased (or 
turbulent mixing length in the annulus increased). 
The results of this work could be useful for many 
applications where buoyancy induced turbulent flow 
may be encountered. Examples of these applications 
include waste heat recovery heat exchangers, solar 
and geothermal energy systems and cooling of nuclear 
fuel elements in spent fuel storage tanks. 

Acknowledgemenrs-The authors gratefully acknowledge 
the financial support provided by the Sandia National Lab- 
oratories and General Atomics Technologies. A special 
acknowledgement is given to Mr James Schulze of Sandia 
National Laboratories for his assistance in the design and 
fabrication of the test section. 

REFERENCES 

I. B. Gebhart and R. L. Mahajan, Instability and transition 
in buoyancy-induced flows, A&?. Appl. Mech. 22, 
231-315 (1982). 

2. K. Sherwin, Combined natural and forced laminar flow 
in vertical annuli, Br. Chem. Engng 14(9), 121~1217 
(1969). 

3. E. M. Rosen and T. J. Hanratty, Use of boundary layer 
theory to predict the effect of heat transfer of the laminar- 
flow field in a vertical tube with constant-temperature 
wall, A.I.Ch.E. J/7(1), 112-123 (1961). 

4. T. J. Hanratty, E. M. Rosen and R. L. Kabel, Effect of 

5. 

6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

14. 

15. 

heat transfer on flow field at low Reynolds numbers in 
vertical tubes. In</. Engng Chem. 50(5). Sl5-820 (1958). 
G. F. Sheele and T. J. Hantatty, Effect of natural con- 
vection on stability of flow in vertical pipes. J. Fh‘lltid 
Mech. 14(2), 244-2.56 (1962). 
T. M. Hallman. Experimental study of combined forced 
and free laminar convection in a vertical tube, S.ASA 
Technical Report, No. D-104 (1961). 
G. F. Sheele, E. M. Rosen and T. J. Hanratty, Effect of 
natural convection on transition to turbulence in vertical 
pipes, Can. J. Chem. Engng 38.67-72 ( 1960). 
T. E. Mullin and E. R. Gerhard, Heat transfer to water 
in downward flow in a uniform wall temperature vertical 
tube at low Graetz numbers, J. Hear Transfer 99, 
585-592 (1977). 
M. A. I. El-Shaarawi and A. Sharan. Free convection 
effects on the developing laminar flow in vertical con- 
centric annuli, J. Heat Tramfer 102,617-622 (1980). 
1. H. Kim, Analysis of laminar mixed convection in 
vertical tube annulus with upward flow. In Fundumenrals 
of Forced and Mixed Conrection (Edited by F. A. 
Kulacki and R. D. Boyd), HTD-Vol. 42, pp. 91-98. 
ASME, New York (1985). 
D. V. Rao and M. S. El-Genk, Bouyancy induced insta- 
bility of laminar flows in vertical annuli--II. Model 
development and analysis, Int. J. Hear Mass Transfer 
33.2161-2172 (1990). 
B. Metais and E. R. G. Eckert, Forced. free, and mixed 
convection regimes, J. Hear Transfer 86,395-296 (1964). 
E. M. Sparrow. G. M. Chrysler and L. F. Azevado. 
Observed flow reversal and measured-predicted Nusselt 
numbers for natural convection in a one-sided heated 
vertical channel, J. Heat Transfer 106. 325-332 (1984). 
R. A. Wirtz and P. McKinley, Buoy-ancy effects on 
downward laminar convection between parallel plates. 
In Fundamentals of Forced and Mixed Conrection 
(Edited by F. A. Kulacki and R. D. Boyd), HTD-Vol. 
42, pp. 105-I 12. ASME, New York (1935). 
M. S. El-Genk and D. V. Rao, Heat transfer experiments 
and correlations for low Reynolds number flows of water 
in vertical annuli, Heur Transfer Engng 10(2), b&57 
(1989). 



Buoyancy induced instability of laminar flows in vertical annuli- 2159 

INSTABILITE INDUITE PAR FLOTTEMENT POUR DES ECOULEMENTS 
LAMINAIRES DANS UN ESPACE ANNULAIRE VERTICAL-I. VISUALISATION DE 

L’ECOULEMENT ET MESURE DE TRANSFERT THERMIQUE 

Resume-Des experiences comprenant a la fois des visualisations et des mesures de transfert thermique 
(125 < Re,, < 1700 et 2.5 x IO’ < Gr, c 5 x IO’) sont conduites pour Ctudier I’instabilite, induite par flot- 
tement, dun ecoulement laminaire d’eau dans un espace annulaire vertical ayant un rapport de diametre 
de 2,0. La paroi inteme de l’espace annulaire est uniformtment chauffee et la paroi exteme est isol& 
L’instabilite de l’boulement est d&&e par des images video du champ d’ecoulement en diperissement 
et la decroissance simultan6e de la difference de temperature entre la paroi chaude et le coeur de I’ecoulement 
d’eau, depuis la valeur laminaire et les fluctuations de la temperature du liquide. Les valeurs mesurees de 
xr,, ba&es sur les images video des champs d’ecoulement sont reliees a la fois aux ecoulements assist& ou 
contraries par le flottement en fonction du nombre de Grashof local, Gr,, et du nombre de Reynolds local, 
Re. Les valeurs du nombre de Nusselt pour les ecoulements turbulents. induits par frottement en aval de 
I’apparition de l’instabilite, sont jusqu’a trois fois plus tlevees que celles pour les ecoulement laminaires 
stables au meme nombre de Reynolds dent&, mais pour des Gr, plus faibles. Le transfert thermique pour 
les ecoulements turbulents induits par Aottement est represent6 par: 

~VU = 0 088R&” Re-‘.” pour I’ascension 7 9 I” 

Nu = 0 ~IRu’.‘~ Rem’.” pour la descente. 9 y I” 

AUFTRIEBSINDUZIERTE INSTABILITAT DER LAMINAREN STROMUNG IN EINEM 
SENKRECHTEN RINGKANAL-I. SICHTBARMACHUNG DER STRt)MUNG UND 

UNTERSUCHUNG DES WARMEUBERGANGS 

Zusammenfassung-Die auftriebsinduzierte Instabilitat einer sich entwickelnden laminaren. aufwlrts- 
und abwlrtsgerichteten Wasserstromung in einem senkrechten Ringkanal mit dem Durchmesserverhlltnis 
2 wird durch Strtimungsbeobachtung und Wlrmeiibergangsmessungen untersucht (125 < Re,, c 1700 und 
2.5 x IO’ < Gr, c 5 x IO’). Die Innenwand des Ringkanals wird gleichmriBig beheizt, die AuBenw-and 
ist wlrmegedlmmt. Das Einsetzen der Stromungsinstabilitat wird aufgrund von Videoaufnahmen des 
eingefarbten Striimungsfeldes festgestellt, auBerdem durch das gleichzettige Absinken der Temperatur- 
differenz zwischen der beheizten Wand und der Kernstriimung des Wassers sowie durch Fluktuationen 
der Kiihlmitteltemperatur. Die gemessenen Werte fiir xR (aufgrund der Videoaufnahmen) werden fur 
Aufwlrts- und Abwartsstriimung in Abhlngigkeit von der iirtlichen Grashof-Zahl (Gr,) und der artlichen 
Reynolds-Zahl korreliert. Die Nusselt-Zahl in der auftriebsinduzierten turbulenten StrSmung hinter dem 
Ort des Einsetzens der Instabilitlt ist dreimal so grol3 wie diejenige fur eine stabile laminare Strdmung bei 
derselben Eintritts-Reynolds-Zahl und geringerer Grashof-Zahl. Fur den Warmelibergang bei auf- 
triebsinduzierter turbulenter Striimung werden folgende Gleichungen angegeben: 

Nu = 0,088Ra,0” Rei;“.‘*, fiir Aufwartsstrcimung 

Nu = 0,2 1 Ratz9 Rex; ‘,12, fiir Abwlrtsstromung. 

HEYCTOft%iBOCTb J’IAMMHAPHbIX TEnEHHft B BEPTHKAJIbHbIX KOJIbHEBbIX 
KAHAJIAX, BbI3BAHHAII I-IOflbEMHbIMM CHJIAMH-I. 3KCITEPWMEHTbI IT0 

BH3YJIW3AIJHH TE9EHHII I4 TEIIJIOI-IEPEHOCY 

Amioraumr-TIpoaenenbt srcneptn+retrrbt, mt.rno~atottme atr3yami3aumo reqetttin tt lnMepetiHn retutotte- 
petioca, Mn tieenenoaamin nnsimim4 rton5eh4xbnt csr.n Ha ycroltltinoorb nocxonmuero H micxonnmero 
TeqeHHii BOLUJ snep~~~anb~o~ KOJrbUeBOM xaHaJxecoTHoLueHHeMAHaMeTpoB 50. Brtyrpetuutnererrxa 
KaHaJla paBHOMe$JHO HaQXTa, BHeUlHJlK-H3OJlEpOBaHa. Haqano HeyCTOikEBOCTH O6HapyXliBaeTCK UO 
H3o6parccMlaM orpalueHHoro norm reqettstn, OnttospeMemtoMy ylcretibmeumo pa3ueocra TeMnepaTyp 
MeXAy HarperOii CTeHKOii H 06aCMOM BOL&l II0 CpaaHeHnIo C naMawapmdm zniaqemu~ a Tane no 
Ko~1e6aHHnbf Tebmeparypbi xnanarexra. 3HaueHHK xfrr nonyneintbze Ha ocfxone ee3ynb~brx n36paXe- 
HHii OKpaIUeHHbU UOJIeii Te'IeHHK.KOp~yWTCll LUlK?eWHHii KBK C COBUaJWOlUHM,TaK E UpOTEBO- 
UOJlOXHi&M neikrBHeM flO~MHbo( CH.ll U BbtHyXAeHHOrO UOTOKa B OaBECHMOCTH OT JlOKaJlbHbIx 
ariaset& y~cut Fpacro+a Gr,a Peibionbnea Re. 3Haqerran 9Hcna HycCenbTanns ~b138aH~b1x UOAUM- 
HbCMH cmabni Typ6ynelrrHba Te~~HziR,oUpenenneMb8e HH7Le uo TeqeHMo 0~ Mecra BO~H~~~~BCHHR 
Heyn0ikHBocnr.e T~H pa3a ebuue;9eM nnn ycroLwiwx na~apwa-reqet&I nprt O~KOBOM 3Ha- 
~eHHH~HcnaPe~onb~caHaBxone.~o6oneeHn3K0~3Ha~e~H Gr,.Y~~aHo~~~e~rmc~~enyloux~ewB~cH- 
MOCTH JlJlSl pe3yJTbTaTOB TeUJIOu~H~ UPH o6ycnosneHHbnr UOPbCMHbIMH CHJIaMH Typ6yJteHTHMX 
TeYeHHnX: 

Nu = 0,088R0°*33 Re,;o**z . mn Bocxoaaruero TeqeaK 

Nu = 0,21Ra>29 Re;“*‘2 nm wHcxoIunuer0 TeqeHHn. 


