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Abstract

A perturbation approach is used to obtain analytical expressions for the velocity, temperature distribution, and transient Nusselt number for the
problem of forced convection, in a parallel-plates channel or a circular tube, produced by an applied pressure gradient that fluctuates with small
amplitude harmonically in time about a non-zero mean. It is found that the fluctuating part of this Nusselt number alters in magnitude and phase
as the dimensionless frequency increases. The magnitude increases from zero, goes through a peak, and then decreases to zero. The height of
the peak decreases as the Prandtl number Pr increases. The phase (relative to that of the steady component) decreases from /2 to —m /2. When
Pr =1 there is a weak singularity in the form of the temperature distribution, but the Nusselt number is not significantly different from the case

when Pr # 1.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Forced convection with steady laminar flow in a parallel-
plates channel or a circular tube is a classical problem, and is
the subject of hundreds of papers. However, our literature sur-
vey revealed only a score of papers on the problem where the
applied pressure gradient, and hence the velocity, is pulsating
harmonically about a non-zero mean. Experimental work has
been reported in [1-4] and numerical solutions have been pre-
sented in [5-13].

It appears that the first analytic studies of laminar pulsating
forced convection in confined spaces were made by Siegel [14]
(for a circular duct) and Siegel and Perlmutter [15] (for a
parallel-plates channel). In each case the fluid velocity was ap-
proximated by slug flow. The work of Faghri et al. [16] for
flow in a circular pipe treated the interaction between the ve-
locity and temperature oscillations via an extra term in the en-
ergy equations, while Faghri et al. [17] used a finite-difference
method to treat thermally developing convection in a parallel-
plates channel. Moschandreou and Zamir [18] studied pulsating
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flow in a circular tube with uniform constant heat flux on the
boundaries. They obtained an expression for fluctuating part
of the temperature using a Green’s function method. However,
Hemida et al. [19] pointed out that the solution of Moschan-
dreou and Zamir [18] did not satisfy the appropriate differ-
ential equation expressing the conservation of thermal energy.
Hemida et al. [19] also used a Green’s function method to find
an analytical expression for the temperature distribution. In or-
der to obtain the Nusselt number they resorted to a numerical
calculation. Yu et al. [20] also considered the case of a circular
tube with constant heat flux. They obtained a series expression
for the transient temperature distribution. They did not present
an analytical solution for the bulk temperature nor for the tran-
sient Nusselt number.

In the present paper a perturbation approach is followed.
The case of the uniform heat-flux boundary condition is con-
sidered, and the parallel-plates channel and circular tube are
considered in turn. The Péclet number is assumed to be large
so that the axial heat conduction can be neglected. Analytical
expressions for the velocity and temperature are obtained with-
out further approximation. However, for the determination of
the bulk temperature and the Nusselt number it is assumed that
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Nomenclature

G[1 + eexp(i§2t*)] applied pressure gradient
H half of the channel width

2Hq
Nu Nusselt number, V) for a channel
and _2Rq” for a tube
k(T5—T5)
w/p
Pr Prandt]l number, T/ pCh
q" boundary heat flux
r dimensionless radial coordinate, r*/R
r* radial coordinate
R tube radius
t dimensionless time, jt*/p H? for a channel

and ut*/pR? for a tube

t* time

T* temperature

T bulk temperature

Ty wall temperature .

T dimensionless temperature, %

u dimensionless longitudinal velocity, uu*/G H?

for a channel and pu*/ G R? for a tube

*

u longitudinal velocity

u spatial average of u

u* spatial average of u*

u rescaled dimensionless longitudinal velocity, u/u

x* longitudinal coordinate

y* transverse coordinate

y dimensionless transverse coordinate, y*/H

Greek symbols

B parameter defined by Eq. (22), (i Prw)'/?

y parameter defined by Eq. (7), (iw)'/?

) dimensionless frequency, which may be regarded as
a Reynolds number based on H §2 as the velocity
scale and H as the length scale, pH?82/u for a
channel and pR%§2 /. for a tube

Superscripts

dimensional variable

the amplitude ¢ of the fluctuations is small, and expressions for
these quantities are obtained to first order in ¢.

2. Analysis: parallel-plates channel

We consider a parallel-plates channel with fluid velocity u*
in the x*-direction, with the plates at y* = + H. The asterisks
denote dimensional variables. We suppose that the applied pres-
sure gradient is G[1 + e exp(i§2t*)], where t* is the time. We
assume that the fluid is incompressible, so that for this unidi-
rectional flow the momentum equation can be written as

ou* s 3%u*
=G[l +eexp(if2t*)] + Moy

Here p is the fluid density and u is the fluid viscosity.
We let

* *

y nu ut* pH2Q
“w "Tomr ~oH2 7

We note that the dimensionless frequency w takes the form
of a Reynolds number based on H §2 as the velocity scale and H
as the length scale. The dimensionless parameter w!/? is some-
times called the Womersley parameter and (w/2)'/? has been
called the Stokes parameter.

o (1)

2

Then
8_u =1+ecexp(iot) + 82_u 3)
ot dy?
This has to be solved subject to the boundary conditions
u=0 aty==I. 4)

We denote the spatial average of u by u and introduce a new
dimensionless velocity & = u /it and write

i =1do(y) + e (y)e' &)

It should be noted that we permit it (y)/io(y) to be a complex
quantity, in recognition of the existence of a phase difference
between the velocity and the applied pressure gradient.

We substitute this in Egs. (3) and (4) and equate the coef-
ficients of the powers of &. We also introduce the shorthand
notations

Fr=1- coshy (62)

Gi=1-y (6b)

H =5—6y>+y* (6¢)

a= 3—l (6d)
w

b=g<1_tanhy>=3_a<l_tanhy> 60)
2w y 2 y

where

y =o' (7)

The solution for the velocity is readily found to be

o= §G1 (8a)

2
i =—aF, +bG (8b)

This solution is exact, independent of the magnitude of ¢.

For the case of uniform flux boundaries, the thermal energy
equation takes the form
aT* L aT* kT

u =— 9

o+ dx*  pcp dy*?
where k is the thermal conductivity and cp is the specific heat,
and
8T* q/l
ax* - pcp Hu*

(10)
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where * is the spatial average of u* and ¢g” is the boundary
heat flux.
The Nusselt number is defined as

2Hq//

Nuy= ———
k(T}—Tr)

(1)

Here T} is the wall temperature and 7, is the bulk temperature
defined by

H
1
Ty=— / w*T* dy* (12)
u

0
We define a dimensionless temperature
N T* _ T*
r=—> (13)

In—T;

(It should be noted that this form of nondimensionalization can
be made regardless of whether the wall thermal boundary con-
dition is one of uniform temperature or uniform heat flux. For
an example of the uniform treatment of forced convection with
both boundary conditions in turn see Section 4.9 of [21].)

We also introduce the Prandtl number

w/p

Pr=— (14)
km/pcp
We now assume that ¢ is small compared with unity.
Then Eq. (9) takes the form

9T or 1.

—— —Pr—=—ZNuu (15)

ay ot 2

This must be solved subject to the boundary conditions

) oT

T=0 aty=1, — =0 aty=0 (16)
dy

The solution is

f‘ = fo+8fleiwt (17)

where (on substituting in Egs. (15) and (16) and equating pow-
ers of ¢)

2T 1,

&’T 1o

d—yz —iwPrTy = —EN'UM (19)

The solutions, for the case Pr # 1 so that y # 3, are

~  Nu

To=—H 20
0="1cM (20)
f_Nu a P4 ay? 2bF+bG
I PR R IV R B R T

(2D
Here
B =(iPro)? (22)
h
Fy=1- SOhAY (23)

cosh g

(It is clear that the expression in Eq. (21) becomes singular
when B8 = y, that is when Pr = 1. See Eq. (39) for the solu-
tion for the case Pr=1.)

The compatibility condition (an identity required for the
consistency of Egs. (12) and (13)) is

Ty =1 (24)
To first order, this gives
(GoTo) + ((AoTh) + (i Tp))ee™ = 1 (25)

Substitution of Egs. (20) and (21) into (25) gives Nu.
As intermediate results we have

Ao 3Nu
(uoTo) = ——(G1Hp) (26)
32
. A 3Nu a
{ioTy) = — = W(FVGH
2
ay 2bi| b 2}
=27 — 21 [{(FsG1) + (G (27
[52<ﬁ2—y2> g’ rakl
gy = Nul =k 1y + 2 (G (28)
tilo) = Nuy =2 (Fy Hi) + 72(G 1L Hy
where
(G1H)) 272 (29a)
—_— a
= 05
2 2 2tanhy
(F)/Gl)_g_ﬁ 5 (29b)
2 2 2tanh 8
(FﬁGl>=§—E+7ﬂ3 (29¢)
((;2)—E (29d)
=15
16 8 24 24tanhy
(FVH”:?_W F_T (29)
Hence
(ligTy) = 17N (30)
uoTp =7 u
oA 1 1 3 3tanhy
(MOT]>=§CZNM m 1—?+T

6 tanhy) |: Y2
— (1=
- 5/32< y ) TR

3 tanh y 3 3tanh 8
Bl G B

oA a Nu 17tanh y 35 105 105 tanh y
(i1 To) = 3— t St
70 Y 4 14 4
(32)
Finally we have
Nu="2]1 21Oi{P(ﬁ )+ Q) }ee' (33)
u—=— _ ee
17 170 U Y Y



554 D.A. Nield, A.V. Kuznetsov / International Journal of Thermal Sciences 46 (2007) 551-560

where
1 1 3  3tanhy
P =3l g (1o 52+ )
2
y 3 ( tanhy)]
P
[ﬁ2(ﬂ2—yz) B Y
3 3tanh S
: (1_F+ 2 )
6 tanh y
5;32(1_ y >} .
17tanhy 35 105 105tanhy
R R £ A

and we recall that 8 = (i Prw)'/? and y = Gw)l/2.
For the case of small values of w, the asymptotic result is

70 iw .
Nu= 17[1+765 } (36)
It is remarkable that this result is independent of Pr, and that the
terms (iig7}) and (i Tp) contribute equally at this level of ap-
proximation. The oscillatory component has phase 7 /2 ahead
of that of the steady component. In obtaining Eq. (36) is nec-
essary to retain five non-zero terms in the series expansions for
P(B,y) and Q(y), which are formally singular at v = 0.
For the case of large values of w, the asymptotic result is

Nu= 0|1 O i 37)
17 170w

This expression is also independent of Pr, and now (it f"1 ) does

not contribute at this level of approximation. The oscillatory

component has phase 7 /2 behind that of the steady component.
We present our results in terms of Nu;/Nuy, where

Nu = Nug + Nusee'™ (38)

For the special case Pr = 1, the above solution is formally sin-
gular, but one can find the expressions for 71 and Nu either by
solving Eq. (19) and the consequent equations from scratch, or
by taking the limit as § tends to y in Eqgs. (21) and (34). By
either route one finds that

7 Nu{ <a+2b)F
1=—{-|=+—=
2 y2 o oyt) 7

b
+L(tanhycoshyy—ysinhyy)+—G1 39)
2y coshy B>
(iioTy) = aN P
i =aNu{—+—+—
0fl 10y2 " 4y% " 246
3 + 2 + 2 tanh
53 T4 T 14
3 9
- tanh? y (40)
4y 2 28

One observes that although Eq. (39) differs from Eq. (21) by
the inclusion of a term proportional to y, the solution remains
bounded because y remains bounded. Thus one does not have
true resonance in this situation. The singularity is a weak one,
and one finds that Nu for the case Pr =1 is well approximated
numerically simply by inputting the value 0.999 or the value
1.001 for Pr.

3. Analysis: circular tube

The analysis for the case of a circular tube follows closely
that for a parallel-plates channel, and so for brevity we just list
the major changes. The tube radius R replaces H in the defin-
itions of dimensionless parameters such as w and Nu and y is
replaced by the radial coordinate r = r*/R.

The momentum equation

ou Pu 19

——l—i—gexp(la)t)—i- " +__u (41)

ot r or

has to be solved subject to the boundary conditions

u=0 atr==1 (42)

The normalized solution is

i=" —fo+ ey 43)
u

In terms of the newly defined quantities

I
F,—1- 20" (44a)
Io(y)
Gy=1-r? (44b)
Hy=3—4r2 +r* (44c)
o
a=2 (44d)
w
16i 21 21
b:—l<1— 1(J/)>=2a<1_ 1(7/)> (44e)
® v1Io(y) y1o(y)
where y = (iw)'/?, (45)
one finds that
lio=2G» (46a)
U = —aF, + bG, (46b)

The thermal energy equation now becomes

32T L1 197 /\af Nui .
— —A—=—Nuu
arl ' roor ot

This must solved subject to the boundary conditions

T7=0 atr=1 and 7 finite atr=0 (48)
The solution is
f = fo + 8f1€iwt (49)
where
A Nu
To= ?Hz (50)
N{ a F~|—[ ay’ 4b]F+bG}
= u 2
y:I-p2 7 B -y BT B
(51)
where
) Io(Br)
B=(GwPr)/?, Fg=1-— (52)
P Io(B)

The compatibility condition is still

A~

ar)y=1 (53)
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Fig. 1. Plots of the profile of (a) the normalized steady-state velocity, and (b) the
modulus and (c) the argument of the normalized perturbation velocity, for vari-
ous values of the dimensionless frequency, each for the parallel-plates channel.

but now
1
(fm)=2 / f)rdr. (54)
0

From these equations one concludes that
48 [ 384ie

Nu=—
11 llw

{PB.y)+ Q(y)}e"w’] (55)

1
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Fig. 2. Plot of the profile of the normalized steady-state temperature, for the
parallel-plates channel.

where
1 8 1611(y)
P =——\1-—
) y?— ﬂ2< z F 7/310(1/))

4 21 (V))
(1=
* 3ﬂ2< Y To(r)

+[y72_§(1_211(y>>]
B2(B* -y p* ylo(y)

8 161
><<1——2+ 31(ﬂ)> (56)
B~ B Io(B)
1 1 8 16L(y) 11 211(y)
Q(V)=—g+—2——4 —— t|1-
e vt yl(y) 48 y1o(y)
(57
For the case of small values of w, the asymptotic result is
48[ 2iw
Nu=—|1+——ee'®” 58
“=T T Tes ] (>8)
For the case of large values of w, the asymptotic result is
48[ 2die ;
Nu=—|1 =228 jior (59)
11 o
For the special case of Pr =1 one has
7 N{ <a +4b)F
1 =Nuj—|—= +—
v2 ot
a
+ 5 (LW o(yr) — Io(y)rli(yr)
21/[10()/)]2( )
b
+EG2} (60)
Gt N 1 +16+64 8+32 256
u =aNui—+—+——-|-—=+—<+—
o S A AN 2 S 2
1 8  256\[1Li(» 7
) _<_4__8)[ 1(1/)} } 1)
lo(y) \v* v®/LI(y)
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Fig. 3. Plot of the profile of (a) the modulus, (b) the argument of the normalized perturbation temperature, for various values of the dimensionless frequency, for the
parallel-plates channel. Prandtl number Pr=0.1.
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Fig. 5. As for Fig. 4, but with Pr = 10.
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Fig. 6. Plots of the (a) the modulus, and (b) the argument as a fraction of 7 /2,

of Nus /Nug, where Nu = Nug + Nu; gel®! | for various values of the Prandtl
number Pr, for the case of a parallel-plates channel. Here Nug =70/17.

4. Results and discussion
4.1. Parallel-plates channel

The steady-state velocity profile is presented in Fig. 1(a).
This is the well known unimodal profile for plane Poiseuille
flow. In Figs. 1(b) and 1(c) the perturbation velocity profile is
presented. It is seen the central peak is flanked by a subsidiary
peak. The amplitude of the peaks increases as the dimension-
less frequency increases. Also, it is seen that in a central core
of the channel the perturbation velocity has phase behind the
applied pressure gradient, while in an outer sheath the pertur-
bation velocity has phase ahead of the applied pressure gradi-
ent.

The steady-state temperature profile is presented in Fig. 2,
while in Figs. 3-5 the perturbation temperature profiles are plot-
ted. Fig. 3 shows that for a small value of the Prandtl number
(Pr = 0.1) the situation is relatively simple; the plots have a sin-
gle (central) peak whose amplitude increases as the frequency
increases, and over most of the channel the phase (advanced
for large w and retarded for small and intermediate @) does not
vary much. For Pr =1 (Fig. 4), for large values of w there is a
secondary peak and the phase jumps around. For a large value
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o= 0.1

Fig. 7. Plots of the profile of (a) the normalized steady-state velocity, and (b) the
modulus and (c) the argument of the normalized perturbation velocity, for vari-
ous values of the dimensionless frequency, each for the circular tube.

of the Prandtl number (Pr = 10, Fig. 5), the secondary peak and
the phase jumps occur for intermediate as well as large values
of w.

In Fig. 6 the Nusselt number results are presented. It is now
clear that the asymptotic expressions for small and large val-
ues of w give upper bounds. The modulus of Nu;/Nu; peaks
at an o value of order 5, and the height of the peak decreases
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Fig. 8. Plot of the profile of the normalized steady-state temperature, for the
circular tube.
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as the value of the Prandtl number increases. The plot for the
value Pr =1 was produced numerically by taking Pr = 0.999
or 1.001 before we did the analysis leading to Eq. (40).

One general remark can be made. It is obvious from Eq. (19)
that if wPr is large compared with unity then the time-
derivative term in the energy equation dominates over the con-
duction term. Since w Pr appears multiplied by 71, it follows
that 7A"1 becomes small, and so Nu; becomes small, when Pr
becomes large for large or intermediate values of w.

4.2. Circular tube

The corresponding results for the velocity and temperature
profiles for the circular tube are presented in Figs. 7-11. These
show that the results for the circular tube are qualitatively simi-
lar to those for the parallel-plates channel, as one would expect.

The results for the Nusselt number are presented in Fig. 12.
Clearly they are qualitatively similar to those for the parallel
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Fig. 9. Plot of the profile of (a) the modulus, (b) the argument of the normalized perturbation temperature, for various values of the dimensionless frequency, for the

circular tube. Prandtl number Pr=0.1.
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Fig. 10. As for Fig. 9, but with Pr = 1.



D.A. Nield, A.V. Kuznetsov / International Journal of Thermal Sciences 46 (2007) 551-560 559

0.9
0.8 Pr=10

0.7
0.6

0.4

0.3
02 o =01 o =10

0.1

0 0.0005 0.001 0.0015 0.002

T

(2)

0.0025

Pr=10

Fig. 11. As for Fig. 9, but with Pr = 10.
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Fig. 12. Plots of the (a) the modulus, and (b) the argument as a fraction of 77 /2,

of Nuy /Nug, where Nu = Nug + Nu; eel®! | for various values of the Prandtl
number Pr, for the case of the circular tube. Here Nuy =48/11.

plate channel. For the circular tube the peaks in the magnitude
of Nu; /Nuy are higher by a factor of about 2.5, and they occur at
values of w that are larger by a factor of order 3, in comparison
with the values for the parallel-plates channel.

5. Conclusions

Using a perturbation approach, we have obtained analyti-
cal expressions for the velocity, temperature distribution, and
transient Nusselt number for the problem of forced convection,
in a parallel-plates channel or a circular tube, produced by an
applied pressure gradient that fluctuates with small amplitude
harmonically in time about a non-zero mean.
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