Internal flow

Laminar & Turbulent regimes



Laminar hydrodynamic B.L.
development In a circular tube
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FIGURE 8.1 Laminar. hydrodynamic boundary layer development in a circular tube.




Velocity Boundary layer Laminar Flow

¢ For Laminar flow Re; <2300
¢ Re=pu._D/u=u_D/v

¢ [he velocity profile is commonly.
[lat near the entrance of the pipe
and fUnCction: of Beth X and r.

¢ [[he distance from the entrance
to the fully, developed s callea
ChehyaredynamicC eEntiance
IERGER), X



¢ In general, the entrance length,
X, =f(Rep) and

(X/D).~ 0.05 Reg

¢ A force balance on a differential
fuid element gives a parabolic
velocity profile for fully.
developed laminar How. See the
CEXt ior more detalls:



Velocity Profile for laminar, Fully
developed Region

u(r)—-—( )r - )]

r’ dp . .
u.=-———  whereu_ Is mean velocity
81 dx
u(r)

m

= 201- ()]

For details see the text



Turbulent hydrodynamic B.L. In a
circular tube

Entrance region, x;, Fully developed region




Turbulent condition

¢ Similar fashion as laminar B.L.

¢ Unlike laminar flow, the entrance

ength, X, Is not function in Rey .
» EXperiments have shown that

X
10 < () < 60



o \/elocity profile for fully developed
turbulent flow is not parabolic and is
flatter due to turbulent mixing in the
radial direction.

¢ \/elocity profile is difficult to be
obtained analytically, therefore it
MUSEt be determined experimentally:

o We shall assume that fully: developed
OCCUKRS at (Ox/D)>10




Pressure gradient and friction factor
¢ Correlations are given in the course of

fluid mechanics and also Iin the text. See
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Thermal B.L. development in a

heated circular tube

Surface condition

T.>T(r,0) g5
|7 y=r,-r

Ficure 8.1 Thermal boundary laver development in a heated circular tube.



Thermal Boundary layer

¢ In general, the fluid temperature increases
with x in both cases ( constant surface
temperature or uniform heat flux).

¢ For laminar flow, the thermal entrance
length, X:; X:= f(Re, Pr)

% ~0.05 Re, Pr

D

¢ I P> the hydrodynamic Bilt. developed
mere rapldiy than the thermal Byt While
the nverse i Pr <k

9 O CURBUIERNE X = T(RE PN~ S/ D)r>"10
Ol assumeNyb)r=10



Thermal energy balance

4 Assume a
differential control
volume for internal N
flow as shown - sic,(Ty +dTy |

¢ Energy balance

Energy. Input=energy.
ouUtpUE

Qutlet, o

Where T & bulk or eIntegrating eq. (i) over

mEean temp o hlta: the Iegth - .
> Q=mc,(T,,-T,;) (i)

roj,u ()T (r)rdr

um r02



According to Newton's Law of cooling,

A,=h,(T,-T, ) (i)

Eq. (111) can be rewritten as

dg = q,dA = hPdx(T,-T,) (iv)

Or

mc, dT, = hPdx(T-T, )

s P oper,) W
dx mc,

Where P is the perimeter of inside pipe
surface; for circular pipeP = 7D



Note: The variation of T, with x depends on
whether the flow is fully developed or not
and whether the pipe surface Is isothermal
or has a uniform heat flux.

Isothermal surface
Integrating Eq. (v), we obtain

Th

f dT, _ Ph pr
Ty (Ts - Tb) me 0
T,-T h
In( e )=~ X
TS-Tb,i mc,
CT-T, PhL .
LR ey (- ——) (vi)
TS-Tb,i C,



Axial temperature variation for heat transfer
In a tube for constant surface temperature

T

« A7=T7_.-T,decreases
exponentially with =
distance from the pipe
Inlet as suggested
by the eq.(vi).

e

T, = constant




* The convection heat transfer given by
Newton’s Law of cooling is:

g = HAiATlm
AT, - AT
IN[AT, / AT, ]
A. :Inside surface area of pipe

* Note: Special case but frequently occurring
case.

Suppose the temp. of the fluid on the outside
of the duct Is constant rather than the duct

surface itself. In this case T, Is replaced by
T, , the free-stream fluid temperature and the

where AT, =




average H.T.C., h , is replaced by U , the
average overall H.T.C. Hence eq. (Vi)

becomes

T.-T.. U )
b0 _exp(- 0 (vi

T - Tb,i mc,,

g=UAAT,_ (viii)

where U is based on either theinside
surface area or outside surface area, A, and

B (TOO' Tb,o) ) (Too ) Tb,i)

" In[(Too-T, ) /(T T,

AT



Uniform Heat flux

Fromeq.(v) mc,dT, =q,Pdx

Integrating this eq. yields:
g, Px

mC,,

Tox=Tpi +

*The temp. difference (T.-T,)
varies with x , but only in
entrance region where the

thermal B.L. is developing.
« In fully developed region, h
IS iIndependent of x. Hence,

T
< Entrance region | Fully developed region

T,.(x0)

q; = constant

(T,-T,) Is also independent
of x. Hence, (T,-T,) is constant
In fully Developed region.




Fully developed Laminar Flow

o H.T.C for fully developed laminar flow in a
pipe can be found analytically by solving
the following energy balance equation:

& Subjected to proper B.C.° [ihe eg. can be
solved fior twor conditions: (1) Isethermal
Ssuriace and (1) unifermheat flux: sukfiace.

¢ In general, fer itV developed velocity and
thermaltBrlEinta dUCE 0ff a  GIVER! ChHOSS
section, the NUIsfconstant, INdeEpEndent
O axial pesitionNRFthE AUCE  Re andrPr.



¢ Hence, for fully developed laminar flow

h — constant

Table 8.1 Nu and friction factors for
fully developed laminar flow In tubes
of differing cross sections

hiD
i'v'{ﬂ. — _ll

k

Cross Section (Uniform q,) (Uniform T)

4.56




T

egion forarlLaminar fiﬁy\_l"‘iﬁ": '
‘a‘c-J@:! ar tub ”

gicorrelation can be used:

"Nu —186(Re Pr)1/3(,u)014

Rep Priys, 4 o014
[( L/D) (,Us) 1>

— 0.0044 <(£L) <9.75
- «-:g—-'—' -.T;.; j—‘ ' ILIS

. 0.48 < Pr <16,700

e

e = o=
__:..a—. —

T

——e

e The correlation applies to circular ducts with an
- [sothermal surface.

® Fuid properties are evaluated at the average bulk
temperature except p. which is evaluated at
surface temperature.

e

—
—-



at Transfer coefficientsifor .
. Turbtlent Flow

:at fully: developed flow exists over the

-&f’

e_ntlre length of the duct.
-. Hencel Nul:)‘entirelength - IquD‘fullydevelopedregion

® The following formula for fully turbulent flow
IN @ smooth pipe can be used:




"~ Nu, = 0.023Re"s Pr"
Where n=0.4 fluid heated (T.>T, )
n=0.3 fluid cooled (T, <T,)

0./7<Pr<i60 L/D =0
| Re>10,000
=3 ;x 5 1; the formula should be used only

,—"“""

vhen the duct surface temp. and fluid
temp do not differ greatly

® Note 2: the formula is valid for both
iIsothermal surface and uniform heat flux
surface.




- '
geppreciable difference between T anelly

Nu,, =0.027Re?/® Pr!/3 (L1014
M,

0.7 <Pr<16,700 Re >10,000

= $=Vore accurate correlation for rough and smooth

'f’“ducts IS:
- Nu, = (f/8)(Re ,- 1000)Pr

D 2/3
) W[“(f) ]

0.6 < Pr <2000, Re > 2300



-~

antll

® Tn order to use the previous eq. for fully
developed flow, set (D/L) to be zero.



R - ‘- . -
SRIE previous ed. can be used for Cireular:

G and noncircular ducts aswell as pip‘e?'
anditubes: On other words, no effect of
SI9S5-Section shiape on NU.
SO lliguid metals, it is recommended

et

~ Nu, =4.8+0.0156Re’®Pr"®  Pre<l

B —

—

- .—-% .-‘— -
e

= I the isothermal surface

Nu, =6.3+0.0167Rex > Pr**  Pr<<1

for the uniform heat flux.



