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Abstract

The characteristics of the flow and convective heat transfer on the conditions of both developed laminar and turbulent flow in bilat-
erally heat narrow annuli were investigated. Investigations show that the ratio of heating flux at the inner wall to that at the outer wall,
and the gap size of narrow annuli as well, have great influences on the heat transfer characteristics during flowing in bilaterally heated
narrow annuli. Under laminar flow condition, the decreases of the gap size will lead to the heat transfer deterioration both on the inner
and outer walls. However with respect to the case of the turbulent flow conditions, it is quite different. The decrease of the gap size will
yield heat transfer deterioration on the inner wall, but it will enhance the heat transfer coefficient on the outer wall. In addition, whether
the convective heat transfer is enhanced or reduced depends on the combination effect of the heat-flux ratio and the Reynolds number.
The decrease of the gap size will reduce the convective heat transfer when the heat-flux ratio is smaller, and enhance the heat transfer
coefficient when the heat-flux ratio becomes greater under a certain Reynolds number. Predicted friction coefficients and heat transfer
coefficients were compared to experimental data as well, and they were found to be in good agreement.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, increasingly attention has been given to
the compact heat exchanger due to its intrinsic superior
characteristics of high thermal efficiencies, small size, light
weight and energy saving and can be used in various indus-
trial progress, such as cooling of electric device and nuclear
reactor. As one kind of this heat transfer tube in compact
exchanger is the concentric narrow annuli, and many schol-
ars devoted their efforts to the studies on the flow and con-
vection characteristics of fluid flow in narrow annular
channels. Available data suggest important differences of
flow and convection characteristics exist between conven-
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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tional and narrow channels. In addition, existing experi-
mental results on the flow and heat transfer phenomena
in narrow annuli show a great deal of discrepancies, and
even contrary to one another.

Sun et al. [1], Sun et al. [2] performed series experimental
investigation on forced flow and heat transfer with water
following in bilaterally heated narrow annular channels
with gap size of 1.0 mm and 0.9 mm, respectively. Compar-
ing to unilaterally heating condition, they found that bilat-
erally heating condition enhanced the heat transfer on the
inner surface of an annulus when Reynolds number is
higher and reduced the heat transfer on the outer surface
when Reynolds number is small. Also using water as circu-
lating fluid, the experimental results of Li et al. [3] with gap
size of 1.0 mm showed that the narrow annular channel
manifested itself in the effect of enhanced heat transfer in
the region of Re < 2000. Using fluorine-113 as circulating
fluid, Li et al. [4] carried out experimental investigation
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Nomenclature

cp specific heat capacity (J kg�1 K�1)
De equivalent hydraulic diameter 2(R2 � R1) (m)
f Darcy friction factor
h heat transfer coefficient (W m�2 K�1)
k thermal conductivity (W m�1 K�1)
Nu Nusselt number
p pressure (Pa)
Pr Prandtl number
Prt turbulent Prandtl number
q radial heat-flux density (W m�2)
r radial coordinate (m)
R radius of a round tube (m) or dimensionless

radial coordinate r/R2

R0 radial location of zero shear stress (m)
Re Reynolds number
Rmax radial location of maximum velocity (m)
T time-averaged temperature (K)
T 0 fluctuating component of temperature (K)
T + dimensionless temperature k

ffiffiffiffiffiffiffiffiffiffi
qsW1
p ðT W1 � T Þ=

ðlqW1Þ
T 0v0 time-averaged of product of fluctuating temper-

ature and velocity (K m s�1)
ðT 0v0Þþ local fractional of radial heat-flux density due to

turbulence ðqcpT 0v0=qÞ
u axial component of time-averaged velocity

(m s�1)
u+ dimensionless velocity in flow direction u

ffiffiffiffiffiffiffiffiffiffiffi
q=sW

p
u0v0 time-averaged of product of fluctuating compo-

nents of velocity (m2 s�2)

ðu0v0Þþ dimensionless shear stress normalized by sW

ðu0v0Þþþ local fractional of shear stress due to turbulence
�qu0v0=s

v radial component of time-averaged velocity
(m s�1)

v0 fluctuating component of radial velocity (m s�1)
y distance from the wall (m)
y+ dimensionless distance to the wall y

ffiffiffiffiffiffiffiffiffi
qsW
p

=l
z axial coordinate (m)
w velocity in the flowing direction (m s�1)
W dimensionless velocity in Eqs. (1) and (2)

Greek symbols

b radius ratio, R1/R2

d gap size of annulus (m)
f dimensionless radial coordinate in Eq. (1)
H dimensionless temperature in Eq. (2)
m kinematic viscosity (m2 s�1)
l dynamic viscosity (Pa s)
lt eddy dynamic viscosity (Pa s)
q specific density (kg m�3)
s shear stress (Pa)
sm mean shear stress (Pa)
- Heat-flux ratio, qW1/qW2

Subscripts
m mean
1, W1 pertains to the inner wall
2, W2 pertains to the outer wall
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on the flow and heat transfer in narrow annular channels
with the gap size of 1.0, 1.5 and 2.5 mm. Their experimen-
tal results showed that the Nusselt number of the single-
phase flow in narrow annuli was higher than that in the
common circular pipes. The Nusselt number at the inner
wall of the annulus was higher than that at the outer wall.
The differences depended on the narrow gap size, and reach
its maximum value when the gap size was 1.0 mm. The
research group of the present authors, Peng [5,6], and
Wu [7] also had conducted series experimental investiga-
tion on the flow and heat transfer with distilled water as
circulating fluid in narrow annular channels with gap size
of 1.0, 1.5 and 2.0 mm, respectively. Their test loop is a
closed-loop system including a shield pump, a pressurizer,
a venturi flowmeter, a preheater and a condenser. Distilled
water was pumped through the loop. The test section is
composed of two concentric straight stainless steel tubes,
with the coolant flowing through the annular space (nar-
row gap) between the inner and outer walls. The outer tube
and inner tube of the test section are heated with AC by the
power supply (low voltage and high current). To reduce the
heat loss from the test section, the whole test section was
first wrapped by fiberglasses 120 mm in thicknesses, a wire
heater was wound outside of this heat insulator to compen-
sate the heat loss, and then another fiberglasses 50 mm in
thickness is wrapped outside of the wire heater. More
details about the test loop and test section can be found
in Refs. [5–7]. Their experimental results showed that dif-
ferent to that of unilaterally heating conditions, the heating
flux at the inner wall of an annulus had great impact upon
the heat transfer between the outer wall and the circulating
fluid, and vice versa. Compared with unilaterally heating
conditions, the heat transfer at the inner wall of an annulus
will be enhanced while the heat transfer efficient at the
outer wall will be reduced slightly under the case of bilater-
ally heating condition. Meanwhile introducing k–kL–uv
turbulent model, Liu et al. [8] carried out numerical calcu-
lations to predict the heat transfer coefficient in narrow
annular channels, and their results showed that the
decrease of the annular gap size would yield heat transfer
enhancement during flowing in narrow annular channels.

A perusal of the relevant literature indicates that the
mechanism of flow and heat transfer in narrow annular
channels is far from being understood, and the studies of
the thermal interferences between the inner and outer wall
of an annulus and their impact upon the convective heat



Fig. 1. Schematic diagram of bilaterally heated narrow annuli.
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transfer coefficient is very scarce. The present study aimed
to this purpose. A schematic diagram of a bilaterally
heated narrow annular channel is illustrated in Fig. 1.
For simplicity, only the case of fully developed flow,
including developed laminar and turbulent flow in narrow
annuli were studied. The organization of the rest of this
paper is as follows. In Section 2, the effect of the ratio of
the heating flux at the inner wall of an annulus to that at
the outer wall on the convective heat transfer characteris-
tics for fully developed laminar flow in narrow annuli were
studied. Section 3 discussed the fully developed turbulent
flow, and compared the predicted friction factor to the
experimental data. In Section 4, investigations were carried
out on the convective heat transfer characteristics under
the case of turbulent flow through narrow annular chan-
nels, and good agreement were found between the pre-
dicted Nusselt numbers and the experimental values. And
finally, this paper is ended with conclusions in Section 5.
2. Heat transfer under laminar flow condition

The heat transfer characteristics of the fully developed
laminar flow in narrow annular channels were discussed
in this section. As it had been intensively studied in our
previous paper [9], which will be briefly introduced for
comparison to that under fully developed turbulent flow
condition and formation of an overall insight into the
mechanisms of the flow and heat transfer characteristics
in bilaterally heated narrow annuli.
2.1. Models for developed laminar flow

Without considering the effect of viscous dissipation and
axial heat conduction, the conservation equations of
momentum and energy for fully developed laminar fluid
with invariant physical properties in a concentric narrow
annular channel, where the inner and outer walls are
heated by uniform but unequal heat fluxes, may be written
in the following dimensionless forms:
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where f = r/R2, W ¼ �mw=ðR2
2 dp=dzÞ, H = (T � Tm)/qeR2/

k, and qe = qW2 + qW1b can be considered as the equivalent
heating flux on the inner surface of the outer tube, here
b = R1/R2 is the diameter ratio of the annular channel.

The coupling conditions of Eqs. (1) and (2) are as
follows:

(a) On the inner wall: f = b, W = 0 and oH/oB =
-/(1 + -b).

(b) On the outer wall: f = 1, W = 0 and oH/oB =
1/(1 + -b).

(c) On symmetric line: oW/oh = 0 and oH/oh = 0.

According to the definition of dimensionless tempera-
ture, the following coupling condition to the energy bal-
ance equation can be obtained as another definite
condition:

Hm �
R

A HW dAR
A W dA

¼ T m � T m

qeR2=k
¼ 0 ð3Þ

where A denotes the cross section area of the narrow annu-
lar channel.

The finite volume method was adopted to discretize Eqs.
(1) and (2). As no significant discrepancy were found with
refinement of the grid system, a competent grid system of
22 (in f) � 15 (in h) were used in each module. When the
maximum relative variations of dimensionless temperature
and dimensionless velocity in successive two iterations of
all the nodes in the computation domain, and the fluid
mean dimensionless temperature are less than 1.0 � 10�4,
convergence solutions were assumed to be achieved and
calculation were terminated [9]. The radial dimensionless
temperature and dimensionless velocity distribution can
be obtained, and then, the heat transfer coefficients both
at the inner and outer surface of the narrow annuli can
be obtained as follows.

For the outer surface of the inner tube

Nu1 �
qW1

T W1 � T m

De

k
¼ DeqW1

HWIR2qe

¼ De

HW1R2

-
1þ b-

ð4Þ

For the inner surface of the outer tube

Nu2 �
qW2

T W2 � T m

De

k
¼ DeqW2

HW2qeR2

¼ De

HW2R2

1

1þ b-
ð5Þ
2.2. Results under developed laminar flow condition

The following results were based on the reference nar-
row annuli, and their geometric parameters are listed in
Table 1.
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Fig. 2 shows the effect of the ratio of heating flux at the
inner surface to that at the outer surface of an annulus on
the radial temperature distribution in narrow annular
channels. For the sake of the limitation of the paper length,
and the same characteristics were found in other gap sizes,
herein only the results of the gap size 2.0 mm were shown.
Table 1
Geometric parameters of reference narrow annuli

Inner radius
R1 (mm)

Outer radius
R2 (mm)

Gap size d
(mm)

Radius aspect b

4.0 5.0 1.0 0.8
3.5 5.0 1.5 0.7
3.0 5.0 2.0 0.6

Fig. 2. The influence of the heat-flux ratio on the radial temperature
profile.

Fig. 3. The influence of the heat-flux ratio on the heat transfer coefficient.
Fig. 2 shows clearly that the heat-flux ratio has great
impact upon the radial temperature profile, then, upon
the heat transfer. From Fig. 3, it can be seen clearly that
Nusselt number at the outer surface of the inner tube
decreases with the increase of the heat-flux ratio of the
inner surface to outer surface, while the Nusselt number
at the inner surface of the outer tube increases with the
increase of the heat-flux ratio. Addition to that, the Nusselt
number at the inner surface is greater than that at the outer
surface when the heat-flux ratio is smaller than some value,
for example about 1.5 for the case of 1.0 mm in annular
gap size, but it become smaller than the Nusselt number
at the outer surface when the heat-flux ratio is greater than
about 1.5 for the same case. Fig. 3 also shows clearly that
the decrease of the annular gap size may yield heat transfer
deterioration during flowing in narrow annular channels.

3. Flow characteristics under turbulent flow condition

The characteristics of flow and heat transfer during flow
in conventional concentric circular annuli were widely
investigated both experimentally and theoretically. The
main concern in the earlier experimental studies was the
coincidence of the radial positions between zero shear
stress and the maximum velocity. Rehme [10] observed
the noncoincidence of the positions between zero shear
stress and maximum velocity through an intensive experi-
mental work. More over, he found that the position of zero
shear stress is closer to the inner wall than that of maxi-
mum velocity. The concept of eddy viscosity is found to
be unbounded at the location of maximum velocity and
negative over an adjacent region near the location of zero
shear stress. Obviously, the eddy viscosity concept is not
truly applicable for an annulus. Semiempirical differential
equations of conservation for the kinetic energy of turbu-
lence and the rate of dissipation of turbulence, which func-
tions by generating the eddy viscosity and were very
geometry-dependent for introducing many variants and
modifications, is also precluded for an annulus. The con-
cept of mixing length is subject to similar anomalies. Direct
numerical simulation of turbulent flow and convection
constitute a new and invaluable resource but are as yet lim-
ited to only a few geometries and conditions, because of the
truly great computational requirements. To avoiding afore-
mentioned shortcomings, Churchill and Chan [11,12],
Churchill [13,14] devised correlation equations for the local
time-averaged velocity and the local time-averaged turbu-
lent shear stress in round tube and parallel-plate channels.
These correlation equations incorporated all of the known
theoretical structure, such as asymptotic behavior near the
wall, the asymptotic behavior near the centerline, and the
speculative intermediate behavior. Following that proce-
dure, Kaneda et al. [15] proposed modifications to these
correlation equations based on recent more accurate result
of experiment and direct numerical simulation, and used
them to predict the flow and convection in conventional
annulus with different aspect ratios.
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3.1. Models for developed turbulent flow

The time-averaged equation of momentum for fully
developed turbulent flow of a fluid with invariant physical
properties in narrow annuli can be expressed in the follow-
ing forms:

� dP
dz
þ 1

r
d

dr
lr

du
dr
� qru0v0

� �
¼ 0 ð6Þ

where the superbars designating time-averaged values of P

and u have been dropped for simplicity, but that for the
product of the fluctuating component of the velocity is re-
tained for clarity.

Based on Eq. (6), the time-averaged velocity in the direc-
tion of fluid flow can be obtained as

u ¼ 1

4l
� dP
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� �
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Introducing the definition of the mean shear stress over
the two walls: sm ¼ R1sW1 þ R2sW2ð Þ= R1 þ R2ð Þ, which is
related to the pressure gradient according to the overall
force balance as sm = (�dP/dz)(R2 � R1), the definition
of friction coefficient ð�dP=dzÞ ¼ f =De � qu2

m=2, and the
Reynolds number Re ¼ Dequm=l, Eq. (8) may be rewritten
as the following dimensionless form:

1

f � Re
¼ 1� b2 þ ð1þ b2Þ ln b

64ð1� bÞ2 ln b

þ
ð1þ bÞ

R R2

R1
ðu0v0Þþ dðr=R2Þ

16ð1� bÞðbþ sW2=sW1Þ ln b

�
R R2

R1
ðu0v0Þþðr=R2Þ2 dðr=R2Þ

8ð1� bÞ2ðbþ sW2=sW1Þ
ð9Þ

The quantity ðu0v0Þþ may vanish for laminar flow and
Eq. (9) can be expressed as

1

f � Re
¼ 1þ b2 þ ð1� b2Þ= ln b

64ð1� bÞ2
ð10Þ

Churchill and Chan [11] developed the correlation equa-
tions for the local time-averaged turbulent shear stress in
smooth round tubes and parallel-plate channels. These
correlation equations were presumed to be applicable for
the prediction of the fully developed turbulent flow in con-
centric annuli, where the flow field was subdivided into two
radial regions delimited by the maximum velocity location
[15]. However, separate expressions were devised for the
inner region, R1 < r < Rmax, and the outer region, Rmax <
r < R2. Both of them have the overall form [11,15]

½ðu0v0Þþ�n ¼ ½ðu0v0Þþ0 �
n þ ½ðu0v0Þþ1�

n ð11Þ

where the mean value of the exponent n is equal to
�8/7.

On the basis of direct numerical simulations for parallel-
plate channels, the asymptotic expression for small values
of y+ is presumed to be applicable for all shear
flows, including the inner and outer regions of an annulus
[11]:

ðu0v0Þþ0 ¼ 0:7ðyþ=10Þ3 ð12Þ

For correlating ðu0v0Þþ1, the following dimensionless
form for the time-mean velocity distribution in the turbu-
lent core of a round tube was devised by Churchill and
Chan [11]:

uþ ¼ Aþ B lnðyþÞ þ Cðyþ=RþÞ2 � ðBþ 2CÞ=3 � ðyþ=RþÞ3

ð13Þ

where R denotes the radius of the tube, the constants of A,
B and C, according to the recent most accurate experimen-
tal data for velocity distribution in a round tube were 6.13,
1/0.436, and 6.824, respectively. These same values are pre-
sumed to be directly applicable for the outer region of an
annulus, while for the inner region, a different value of C

is proposed in order to force the expression for the velocity
distribution in the inner and outer regions to converge at
r = Rmax [15]. The combination of the time-averaged
force–momentum balance for fully developed turbulent
flow and Eq. (13) leads to the following equation for
ðu0v0Þþ1:

ðu0v0Þþ1 ¼
R1

r
R2

0 � r2

R2
0 � R2

1

� duþ

dyþ
ð14Þ

It should be noted however that when Eqs. (11)–(14) are
used for the inner and outer regions of an annulus, the
dimensionless quantities are normalized with respect to
inner wall shear stress sW1 and the outer wall shear stress
sW2, respectively, and the relationship of these two shear
stresses can be obtained by the means of the force balance
as follows:

sW1

sW2

¼ R2

R1

R2
0 � R2

1

R2
2 � R2

0

� �
ð15Þ

Based on intensive experimental work, Kays and Leung
[16] proposed the following correlation equation to predict
the location of maximum velocity in concentric annular
channels:

Rmax � R1

R2 � Rmax

¼ R1

R2

� �0:343

ð16Þ
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And to predict the location of zero turbulent shear
stress, Rehme’s experimental correlation [10] may be
used:

R0 � R1

R2 � R0

¼ R1

R2

� �0:386

ð17Þ
3.2. Developed turbulent flow characteristics

To validate the previous described mathematical
descriptions for developed turbulent flow, numerical calcu-
lation were conducted based on the reference narrow ann-
uli as listed in Table 1. The calculated values of friction
coefficients were compared with the experimental data.
Fig. 4 shows the radial profiles of dimensionless velocity
and the local turbulent shear stress in narrow annuli, and
Fig. 5 show the predicted values of friction coefficients with
experimental data [6,7]. It can be seen clearly that the local
turbulent shear stress in annular channels is nonlinear,
strongly depended on r, especially in the near wall regions.
The results show that the predicted values were in good
Fig. 4. The turbulent shear stress and the velocity distributions in narrow
annuli.

Fig. 5. The comparison of predicted frictio
agreement with the experimental data, and thus these cor-
relations can be used to predict the heat transfer in the fol-
lowing section.
4. Heat transfer characteristics in developed turbulent flow

4.1. Mathematical descriptions for developed turbulent heat

transfer

On one hand, the time-averaged partial differential
equation for the conservation of energy in the radial direc-
tion in fully developed convection with negligible viscous
dissipation and axial heat conduction in the fully developed
turbulent flow in narrow annuli of a fluid with invariant
physical properties may be combined with an overall
energy balance to obtain the following dimensionless form
as [9,17]

q
qW1

½1� ðT 0v0Þþ� ¼ dTþ

drþ
ð18Þ

Instead of correlating the quantity ðT 0v0Þþ based on
experimental data as that of ðuv0Þþ in predicting flow, a
quite different and much better procedure was substituting
the Prt/Pr for ðT 0v0Þþ as the explicit dependence variable.
By means of a series steps, the following equation can be
obtained [9]

q
qW1

¼ 1þ Pr
Prt

� �
ðu0v0Þþþ

1� ðu0v0Þþþ

" #
dTþ

drþ
ð19Þ

where the quantity ðuv0Þþþ ¼ �qu0v0=s, and based on
numerically modified empirical correlation of Jischa and
Rieke [18], Prt = 0.85 + 0.015/Pr may be used.

Eliminate dT+/dr+ between Eqs. (18) and (19), and sub-
stitute the quantity ðuv0Þþ for ðuv0Þþþ in order to avoid the
singular behavior of the quantity ðuv0Þþþ in annulus, results
in

Prt

Pr
¼ ðu0v0Þþð1� ðT 0v0ÞþÞ
ðT 0v0Þþðs=sW1 � ðu0v0ÞþÞ

ð20Þ
n coefficients with experimental data.
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Substituting for ðT 0v0Þþ from Eqs. (18) and (20) yields

q
qW1

¼ 1

Rþ2
1þ Pr

Prt

� �
ðu0v0Þþ

s=sW1 � ðu0v0Þþ

 !" #
dTþ

dR
ð21Þ

On the other hand, energy balance over an annular seg-
ment of fluid between any radial location r and the outer
radius of the annulus R2, the following equation may be
obtained:

2rqþ 2R2qW2 ¼ 2qcp

Z R2

r
ur

oT
oz

dz ð22Þ

And energy balance over an annular segment of fluid
between the inner radius R1 and the outer radius R2 yields

2R1qW1 þ 2R2qW2 ¼ qumcp R2
2 � R2

1

� � dT m

dz
ð23Þ

Combination of Eqs. (22) and (23) results in
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¼ � 1

R-
þ 2ð1þ -bÞ

R-ð1� b2Þ

Z 1

R

u
um

oT =oz
dT m=dz

R dR ð24Þ

For the inner and outer walls of the annulus are heated
by uniform heat fluxes, it may be presumed that
oT/oz = dTm/dz Eq. (24) then reduces to

q
qW1

¼ � 1

R-
þ 2ðb-þ 1Þ

R-ð1� b2Þ

Z 1

R

u
um

R dR ð25Þ
Fig. 6. The comparison of predicted Nus
According to Eqs. (21) and (25), the radial temperature
profile, and then the mean temperature of fluid can be
worked out by integral method. Finally, Nusselt numbers
between fluid to both the inner and outer walls of the annu-
lar channels can be determined, that is

For inner wall

Nu1 �
qW1

T W1 � T m

� De

k
¼ Dþe

Tþm
ð26Þ

For outer wall

Nu2 �
qW2

T W2 � T m

� De

k
¼ Dþe

Tþm � TþW2

� �
-

ð27Þ

And for the mean Nusselt number of an annulus,

hm �
h12pR1ðT W1 � T mÞ þ h22pR2ðT W2 � T mÞ

2pðR1 þ R2Þ½ T W1 þ T W2ð Þ=2� T m�

Num �
hmDe

k
¼

bTþmNu1 þ Tþm � TþW2

� �
Nu2

1þ bð Þ Tþm � TþW2=2
� � ð28Þ
4.2. Heat transfer evaluation

To validate the aforementioned models, numerical cal-
culations were performed to predict the Nusselt numbers
selt numbers with experimental data.
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of narrow annuli based on these models, and the predicted
results were compared with the experimental data. The
geometric parameters of the test sections were listed in
Table 1, and the results were plotted in Fig. 6, including
experimental data with different gap size of narrow annular
channels. Fig. 6 clearly show that the predicted Nusselt
numbers of inner wall, Nu1, outer wall, Nu2, and averaged
ones of an annulus, Num, respectively, were all in good
agreement with the experimental data, considering the
uncertainties of measurements. These models, as described
in the pervious sections, were confirmed by these results,
and then could be used to predict the convective heat trans-
fer characteristics in narrow annular channels.
4.3. Discussions of the turbulent convective heat transfer

Based on the aforementioned models, numerical calcula-
tions were conducted with respect to the reference narrow
annuli as listed in Table 1, and the calculated results were
plotted in Fig. 7. Clearly, Fig. 7 shows the influence of
the ratio of the heating flux at outer surface of the inner
tube to that of the inner surface of the outer tube in narrow
annuli. Similar to that under developed laminar flow con-
dition, from Fig. 7 it can be seen clearly that the heat-flux
ratio has great impact upon the heat transfer characteristics
Fig. 7. The influence of heat-flux ratio on the h
of the developed turbulent flow in bilaterally heat narrow
annular channels. With the increase of the heat-flux ratio,
the Nusselt number at the inner surface of an annulus will
decrease and leads enhancement to the Nusselt number at
the outer wall. In addition, when the heat-flux ratio is
small, the Nusselt numbers at the inner wall were greater
than that of the outer wall. However, when the heat-flux
ratio become greater than a certain value, which depends
on the gap size of an annulus and the Reynolds number,
the heat transfer coefficient between the outer wall of the
annulus and the fluid will surpass the heat transfer between
the inner wall of the annulus and the fluid. And the effects
of the gap size upon the heat transfer characteristics in nar-
row annuli can also be seen clearly from Fig. 7, however,
the effects of the gap size on the Nusselt numbers are quite
different to that under developed laminar flow conditions.
Under developed laminar flow condition, the decrease of
the gap size leads to heat transfer deterioration both on
the inner and outer walls of an annulus as shown in
Fig. 3. Under the developed turbulent flow conditions,
however, the decrease of the gap size will yields heat trans-
fer deterioration on the inner wall of an annulus, but leads
to heat transfer enhancement on the outer wall. When the
heat-flux ratio is smaller than, say about 1.4 for the gap size
of 2.0 mm and the Reynolds number of 10,000, as shown in
eat transfer under turbulent flow condition.



Fig. 8. The effect of heat-flux ratio upon the mean heat transfer coefficients.
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Fig. 7, the gap size effect on the outer wall will become neg-
ligible. While when the heat-flux ratio become greater, the
effect of gap size upon the heat transfer at the inner wall
will vanish.

The effects of the heat-flux ratio on the mean convective
heat transfer characteristics in narrow annuli were shown
in Fig. 8. From Fig. 8 it can be seen clearly that with the
increase of the heat-flux ratio, the mean heat transfer coef-
ficient of the narrow annuli will decrease. The effects of
heat-flux ratio depend on the gap size of the narrow annuli
and the heat-flux ratio. With greater gap size, the mean
heat transfer coefficient decreases faster than that with
smaller ones. Additional information can also be clearly
obtained from Fig. 8. Whether the decrease of the gap size
yields the heat transfer enhancement or not also strongly
depends on the ratio of heating flux at the inner surface
of an annulus to that at the outer surface, and on the flow
condition as well, i.e. the Reynolds number. Under the flow
condition of lower Reynolds number, when the heat-flux
ratio is small, the decrease of the gap size will yield heat
transfer deterioration during flowing in narrow annular
channels, while when the heat-flux ratio becomes greater
than some certain values, which also depend on the Rey-
nolds number, the decrease of the gap size will yield heat
transfer enhancement during flowing in narrow annular
channels. It may be inferred from these results that as the
Reynolds number decrease to some lower values, the
decrease of the gap size of a narrow annular channel will
only reduce the heat transfer during flowing in narrow ann-
uli, the same tendencies to those under the case of laminar
flow conditions.

5. Conclusions

The characteristics of the flow and convective heat
transfer on the conditions of both developed laminar and
turbulent flow in narrow annular channels were investi-
gated, and the predicted friction coefficients were found
to be in good agreement with experimental data. Investiga-
tions in the present studies reveal that the parameter, the
ratio of heating flux at the inner surface of a narrow annuli
to that at the outer surface, and the gap size of narrow ann-
uli as well, have great influences on the heat transfer char-
acteristics during flowing in bilaterally heated narrow
annuli, which may be summarized as follows.

Under laminar flow conditions, the decreases of the gap
size will always lead to the heat transfer deterioration both
on the inner and outer walls during flowing in bilaterally
heated narrow annular channels. While the case are quite
different when the laminar flow is transferred to turbulent
flow. The decrease of the gap size will yields heat transfer
deterioration on the inner wall, but it will enhance the heat
transfer coefficient on the outer wall of an annulus. In addi-
tion, whether the convective heat transfer is enhanced or
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reduced depends on the combination effect of the heat-flux
ratio and the Reynolds number, however the influences of
the heat-flux ratio are prominent. The decrease of the gap
size will reduce the convective heat transfer when the heat-
flux ratio is smaller, and enhance the heat transfer coeffi-
cient when the heat-flux ratio becomes greater, under the
case of a certain Reynolds number.
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