Heat and Mass Transfer

OF
OF

Ol



24

SOME DESIGN EQUATIONS FOR
CONVECTION HEAT TRANSFER




How to obtain equations
for predicting heat-transfer coefficients

1. Combination of momentum, energy, and continuity
equations for laminar flow

2. von Karman integral method for turbulent flow

3. The analogy between heat and momentum transfer for
turbulent flow

4. The dimensional analysis
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Flow parallel to a flat plate

Flow in a pipe

Heat transfer coefficients

. 1/2 p..1/3
Laminar flow | V4, =0.332 (Re )"~ Pr 2219
(Re<5x105 | Nu, =0.664 (Re,)"* Pr'”’
Turbulent flow | Ny =0.0292(Re, )" Pr'” (23.50
(Re < 5x 10°) 5 1
Nu, =0.0365(Re, )" Pr'® | (@5

1/3 0.14
Laminar flow| Nu =1.86Re'"” Pr” 3(%) [ﬂj (22-42)

(Re<2100) K

Turbulent flow 0.8 1 1/3
(Re>2100) Nu=0.023Re ™" Pr (23-32)

,:]= Supercritical Fluid Process Lab




Dimensional Analysis

- can be used for both type flow (laminar/turbulent)

D
Turbulent flow: Nu:f(Re,Pr,—,ﬁ,---)

L p,

D
Laminar flow: Nu:f(Ra,Pl’,z,ﬂﬁ,'“)
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Example 24-1 Dimensional Analysis

Heat-transfer coefficient in natural convection in a heated pipe

k h, Cp, ug.,J
p b g At

6 Fundamental dimensions: Length [L], mass [M], time [0]
temperature [T], heat [H], force [F]

- Heat & force can be expressed in terms of the other four dimensions
- Include gravitational constant, g. & mechanical equivalent of heat, J
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Example 24-1 Dimensional Analysis

- le L —» o
U
k, hm’ Cp’ H 8. J 6 Fundamental dimensions:
p.b g A omaarture L. R 1) o
No. Variable Symbol Dimension
1 Length of heated section L [L]
2 Fluid density p [M/L3]
3 Fluid viscosity M [M/LO]
4 Fluid thermal conductivity K [H/LOT]
5  Dimensional constant o [ML/F62]
6 J [FL/H]
7 Mean heat-transfer coefficient  h_ [H/6TL?]
8  Temperature difference, t,—t, At [T]
9 Coefficient of thermal expansion [T-1]
10  Specific heat of fluid C, [H/MT]
11 Gravitational acceleration g [L/62]
12 Bulk velocity of fluid U, [L/6]
13 Diameter of pipe D [L]

Total number of variables is 13 » :
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Example 24-1 Dimensional Analysis

L

>

_¢—
D
o

k h,, Cp, uwg.J
o, b, g At

The total number of variables is 13, and we have chosen to express these in
terms of six dimensions. As is often the case, the maximum number of

variables which will not form a dimensionless group is equal to the number of
fundamental dimensions.

According to Buckingham’s theorem,
13 variables, 6 dimensions

Number of dimensionless groups: (13 —6) = /
7 dimensionleess group=n,, ®,, ®3, Ty, M=, Ty, T,
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Example 24-1 Dimensional Analysis

According to Buckingham’s theorem,
13 variables, 6 dimensions — Number of dimensionless groups: (13 -6) =7
7 dimensionleess group =n,, T,, T;, T,, N, Ty, T,

The variables which we choose
to be common to all groups are

first six in the table above.

AN
a N

o= Lk g g |
m,=Lp uk?gtJ(At)

__ra b, c e 1 f
wy=Lp u ke g.J'\p* Each of the remaining seven variables
T =L p kil C8 will, in turn, be added to the first six, to
4 pHKEE p give seven groups.

s =L'p'ukigitg®
e =L'p ' uk gl S uj
m,=L'p"ukigcJ/|D* )
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Example 24-1 Dimensional Analysis: the 15t group

T, = L p kg g
=MLY (Mo f (L o' ) (MLF 0 f (FLE ) (HO'T 'L f

L : a-3b-c-d+e+f-2g=0

M : b+ct+e=0

O : -c-d-2e-g=0
T:-d-g=0

H :d-f+g=0

F:-et+f=0

.. a=g, b=c=e=f=0, d=-g

LY hL
7Z1=(hm j :h’” > Nusselt number

k k
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Example 24-1 Dimensional Analysis: the 2" group

= L p 1k g (M)
= (ML Y (Mo f(HE 0 7 (MLF 07 f (FLH ) (T

L : a-3b-c-d+e+f=0

M : b+ct+e=0

O : -c-d-2e=0

T:-d+g=0

H :d-f=0

F:-e+f=0

. a=b=2g, c=-3g, d=e=f=g=1
7 - L’ p’kg JAt

u
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Example 24-1 Dimensional Analysis

How to
make
seven

groups

-

\ 7z

cr.d jII
L'p ukg JI;B|

7w, =Lp uk glg ’ICp'
I

:Lapbﬂckd Jflg

_ga b c1d __e ]I

=L'p"u'k gch

=L'p"ukig JfI

I
I
I
I
b
I

_ L’p’kg,JAt ‘
T, = PE " Grashof number
_ up /
o Pptkg J
C,u
7T, = Z > Prandtl number
_Lp’g /
72'5 = >
u
Lpu, R
T, = *>» Reynolds number
IL[ /
T, = /L
(24-1)
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Example 24-1 Dimensional Analysis

The seven groups obtained in Example 24-1 can be used to
correlate the results of experiments in natural convection. One
common way of doing this is to write an equation of the form

72.1 — fMﬂCtiOﬂ(72'2,72'3,72'4,72'5,72'6,72'7)

P &

, 5 e . (24-1)

By experimental, f3,v,0,¢,Cand nare to be determined
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Example 24-1 Dimensional Analysis

v'The constants represented by the Greek letters can be determined by
a statistical analysis of the experimental results, often the least-squares
method.

v'Groups which have no effect on h_, can easily be located because the
exponents on these groups will be very small.

vTwo groups may have the same exponent, indicating that the
variables they contain may be combined in a single group. For example,
In Ex 24-1, it is found that the combined groups, «,, m;, 75, give a single
dimensional group, L3p?gpAt/u,, known as the Grashof number, which
together with n,, the Nusselt number, and r,, the Prandtl number.

v'The group ny; and =, are meaningless in this analysis because u,=0
and D=co.
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Dimensional Analysis

v'The correlating equation is

T, = 05(72'271'3775)ﬂ(774)(S (24-2)
h L olont)
m :0.478[ £ ] (22-25)
k uw'T

v'The Prandtl number is approximately constant at unity for most gases,
so the absence of that group would be expected.

v'The Grashof number is in Eq. (22-25) differs from the product n, 7, ntc
only in that for an ideal gas B equals 1/T, where T is the absolute
temperature.

,:]= Supercritical Fluid Process Lab



Dimensional Analysis

Lh
T, =

: Nusselt number

pH : Prandt]l number

T, =

L’ p’ Pt
Ty X Ty X JTs = £ ,fg : Granshof Number
U

Dpu,
U
Nu, =almzm ) ndnsn’
= aGr* Pr’ Re°

In natural convection, Nu_ = 0.478Gr"*

T X TT, = : Reynolds Number

In forced convection, Nu = aRe” Pr’
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Dimensional Analysis

o cnions: =antet

Nu = 0.023Re**Pr'” for tubulent flow in circular pipe
Nu = 0.53Gr"*Pr"* for natural convection from horizontal cylinder
In heat transfer - coefficients : 7z, = o + ,6’_
172 1/3
C

Nu=2.0+ 0.6( Duopj [ puj for sphere

vl k

D 0.8 C 0.8
Nu=7.0+ 0.025( oP j ( Eu] for liquid metal in circular pipe

1l
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Summary of Equations used for
Predicting convective heat-transfer coefficients

Fundamental Empirical correlations
derivations of dimensionless groups

@
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Heat Exchanger Design

- Fundamental derivations
- Empirical correlations
of dimensionless groups

Nu, = (Re, )" [I exp (—% [ repa 77} d 77}

Predicting Convective Heat-transfer Coefficients: Nu, # h,

Nu, =0.478Gr’* Nu =0.023Re*® Pr'”?

Nu, =0.332(Re, )"* Pr'?

Calculation of overall heat-transfer Coefficients

U =

o

1
A A +Arb A4 Ar, A 1

[ o o o

+ +
hi Ai hdi Ai kb Ab,lm kc Ac,lm h

Calculation of heat transfer area

A=—1 4-mL
U, A

q=U,AAt

Im
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Shell and Tube Heat Exchanger

= 0.023(EJR60'8P1’1/ 3
D

A A4 A, 4
_I_

(% (Y

© +
mA, h,A, Ok, Ay 4

g=U, AN,  A=—1_ 4=zDL
U, A
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© Convection in circular pipe (Laminar/turbulent)

© Convection in non-circular conduits

© Convection normal to a cylinder

© Convection normal to a bank of circular tubes

© Convection from spheres

© Convective heat transfer between a fluid and a packed bed
© Convection from a plane surface

© Heat transfer to liquid metals

© Heat transfer to non-newtonian fluids

© Effect of surface roughness on heat transfer coefficient



Convection in circular pipe (Laminar flow)

Parabolic flow, uniform heat flux: overall temperature difference is constant

Gz <5 Nu ~3.6 Low flow rate

om Long pipe
\
100 10 [0 ]
. ! . . | | Rodlike flop
A: Rodlike flow, uniform heat flux | h D/
B: Rodlike flow, uniform wall temperaure \\ 2l
C; Parabolic flow, umiform heat flux \
[:; Parabolic flow, uniform wall temperaure Y D 10 | . e
.1 S P ™
— Parabolic Mpw " |
h D ,._ | h..D/K |
u =—=_ 10 h [ —— |
Vi = — A L. |
H B / i Parabolic [Mow |
L= ¥ .
I : b, D/k |
|
|
e by o
Gr=Lt-t | Z | Z |RePr
I¥cd. 404
|
0. f
0 ,_wpoy 100 000 10 100 | 1000 000
I . fr 10 |
L-'_':|— — [Fe Pr ] 1/3
L4 ) x ) 4wC B
Gz>10, Nu, =162
kL

Fig. 22-3: convection in circular pipe Fig. 22-4: convection in circular pipe

with uniform wall temperature
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Convection in circular pipe (Laminar flow)

For the case of constant wall temperature: condenser

wC,  heat transfer by conduction

Graetz Number = Gz _ = = :
kx  heat transfer by convection

[,=constant

Gz < 5, Num~36 (a low flow rate or a long pipe)

4w (C v
Gz >10, Nu, =162 L
kL
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Convection in circular pipe (Laminar flow)

For the case of constant wall temperature : condenser

Adw(C v
Gz>10, Nu,6 =162 kLp (22-40)
T

D?
4

Arithmetic average temperature

Account for the
effect of temperature
on viscosity

w=pu

Sieder and Tate

G=>10 | Nu, =1.86Re'’ Pr'’| = | | &= (22-42)

Wall temperature
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Convection in vertical tube (Laminar flow)

Natural-convection flow effects are usually significant only when the forced
convection flow is laminar and the temperature-difference driving force is large.

Y Y
N A N A
Natural Natural
convection f i ¥ 3 convection
Nu>Nu, Nu<Nu,
Forced [ 3 l Forced
convection D convection
Nu_=1.62Re"’ Pr'’| —
L
(22-40)
- 4 = - =
AMC(Assisting Mixed Convection) OMC(Opposing Mixed Convection)
Higher heat-transfer coefficients Lower heat-transfer coefficients
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Convection in circular pipe (Turbulent flow)

Pr>0.7; L/D>60
t () N
_ t, L _hth
Dittus and Boelter (t,) bTT T,
Nu = hD =0.023 Duyp N Cptt N . cooling of the fluid )
u= 7 =Y. - I : Temp effect
H -~ 0n viscosity
0.8 0.4 in the laminar
Nu — h_D 20023 Dubp Cll:u . heating Of the ﬂl.“d/ Sub_|ayer_
y7;
Colburn (t;)
hD D 0.8 C 0.3 ZLl +ts + t2 +ts
Nu:—zo.oze{ ”bpj ( p”] (=2 2
k u k 2
Sieder & Tate (t,)
0.8 0.3 0.14 to+t
C f, =L "2
Nu = h—D =0023(Dubpj ( p/u) ( £ For Pr>104 b 2
k H H,
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Convection in circular pipe (Turbulent)

Pr>0.7; L/D>60 ; L+,
)
) b )b e
1:s t, = 2 2

. f 2

Dittus and Boelter (t,,) (predicting within <13% for 651 data points)
0.8 03 or 04
hD D C
Nu=—=0.023 “pP pt (24-4)
k u k

Least Square Correlation (t,,) (predicting within 10.2% for 651 data points)

h

u,pC,

=exp|—3.796 — 0.205 In Re—0.505 In Pr—0.0225(In Pr)* | @47
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Convection In circular pipe (Turbulent flow)

Dittus and Boelter (t,)

0.8 0.3
D D C _ : _
Nu = h? —0.023| 2P liﬂ . cooling of the fluid ) Temp effect
H -~ 0n viscosity
0.8 0.4 in the laminar
Nu = hTD —0.023 Du,p C}l;” - heating of the fluid | syp-layer.
u

If two turbulent systems of the same fluid at the same bulk temperature are compared in
heating and cooling experiment, the system being heated will have a higher temperature in
the laminar sublayer than the system being cooled.

Consequently, if the fluid is a liquid, the sublayer of the heated system will be thinner, and the
heat-transfer coefficient will therefore be higher than for the system being cooled. Since the
Prandtl number is greater than 1 for most liquids, raising the exponent the above equation
has the effect of raising h.

For most gases, the Prandtl number is near unity and approximately independent of
temperature, so that the value of the exponent on Pr is of minor consequence. An
understanding of this lack of effect for gases may be gained from the fact that viscosity and
thermal conductivity increase at almost the same rate with temperature, so that the thermal

resistance of the sublayer is approximately constant.
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Heat Transfer with turbulent flow
Nu =0.023 Reo-8 Pr0.3 or 0.4

Streamline
UI "___d_._r
u UO
y, U ———ie
i ﬁc:)l—» | Turbulent
UO : UO C » >C| region
—— | CyY s
> : J b
: - N (“ e
e > 0 s e 2 J
g = T Tk s il e } Buffer layer
| . o A - A ¥ JEETTA .
L d — » i | ——> —— —— — —| Laminar
o sublayer
X -.:l |
 ex Re=5x10 | Laminar y7,73
< Laminar ———» > Turbulent 4 gyp-layer L= d
T it .
ransien thickness 7.8,

Most liquid (Pr>1): T T, ul, L1 and k= h 1
Mostgas (Pr=1): T T, u T, LThut k1, h, =
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Influence of heating on velocity profile in
laminar tube flow

If the fluid is heated or cooled, the velocity profile can be greatly
altered because of the effect of temperature oh viscosity.

wy
Liquid heating

Gas coolin y

cooling
“—
Liquid cooling —

wl

Parabolic velocity profile
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Example 24-2: find h for the water

t,=300°F 1" 16-gaguge copper tube
water ﬂ y /
t,=60°F . t,=140°F
u =7ft/s | X
/ Y
D=0.870 in t.=200°F (assume)
Steam condensation
Arithmetic [+ 60 +140 .
mean bulk * tb = 2 = =100"F
temperature 2 2
Arithmetic mean tl + ts t2 + ts 60 + 200 140 + 200
of the wall and + +
bulk-fluid ¢ =2 2 - 2 2 =150"F
temperatures f 2 2
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Example 24-2: find h for the water

t_ =300°F
water ’J_‘ /
t,=60°F __, t,=140°F
u =7ft/s | X
/ \
D=0.870 in t.=200°F (assume)
Arithmetic mean bulk temp Arithmetic mean of the wall
and bulk=fluid temperatures
a0 + 200 N 140 + 200
at 1DD“F[= o+ 14”} at 15D“F[= 2 2 }
2 2
plin/ #) 62.0 61.2
C, (Bt 1b° F) 0.998 1.00
b/ f-s) 0.00458 0.000292
F(Btulh- f°F) 0.364 0.384
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Example 24-2: find h for the water

100°F 150°F
Re = u, D, p ® Re- u, D, p
7 1
~(0.87/12)(7)(62.0) ~(0.87/12)(7)(61.2)
N 0.000458 N 0.000292
~ 68,000 ~107,000
C,u C,u
Pr = P » Pr = P
~(0.998)(0.000458)(3600) ~ (1.00)(0.000292)(3600)
- 0.364 - 0.384
= 4.53 =2.73
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Example 24-2: find h for the water

(a) Using the Dittus and Boelter equation (t,)

—— heating
hD Du 0.8 C lLl 0.4
Nu = — :0.023[ bP j ( P j (24-4)
k u k
- (0.023)(0.364) (68,600)0'8(4.53)0'4

(0.870/12)
=1560 Btu /(h)( fi*)('F)
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Example 24-2: find h for the water

(b) Using the Colburn equation (t;)

2/3 -0.2
/ (CP“ ] - o.ozs(D P j (24-5)
ubpcp k lLl

,_ (0.023)(7)(3600)(61.2)(1.0)
~(107,000)2(2.73)%?

=1800 Btu /(h)(ft*)('F)
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Example 24-2: find h for the water

(c) Using the Sieder and Tate equation (t,)

C 2/3 0.14 —-0.2
h ( pH ] (“j =o.oz3(D UpP j (24-6)
ubIOCp k Il’l ll’l

0.14
hTD =0.023Re" Pr‘)-”(”s j

u

,_ (0.023)(0.364)
~(0.870/12)

= 1580 Btu /(h)( fi*)('F)

0.14
(68,600)0-80(4.53)0.33(0.000458j

0.000205
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Example 24-2: find h for the water

(d) Using the Empirical Method (@100°F) (t,)
h

u,pC,

=exp[3.796-0.205In68600—0.505In4.53—0.02251n4.53)°]
=exp6.89]

—expl—3.796-0.205InRe-0.505InPr-0.0224InPr} |  (24-7)

h=(0.00105(62.0)(7)(3600(0.999)
=1640 Btu/(h)(f+)(F)

,1 Supercritical Fluid Process Lab



Example 24-2: find h for the water

t,=300°F
water /
t1=672°/F — ﬂ ‘ t,=140°F
u,=/1t/s | X
b / X
D=0.870 in t.=200°F (assume)
Equation h (Btu/(h)(ft?)(°F)
(a) the Dittus and Boelter equation (t,)(24-4) 1560
(b) the Colburn equation (t;)(24-5) 1800
(c) the Sieder and Tate equation (t,)(24-6) 1580
(d) the Empirical Method (t,)(24-7) 1640
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Convection in Non-circular Conduits

Wiegand (heat transfer coefficient on the outer wall of inner pipe)

7

:0.023(

Concentric pipes

0.8
Dequbpj (

(24-8)
Deq =4ry (14-4)
(D} D}
A 4 4 D, —D,
’/' j— ju— — -
" lp “(Dz +D1) 4 (14-5)
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Convection in Non-circular Conduits

heat transfer coefficient on the inner wall of the outer pipe

L (Cpqu/:S(hjo.lét
ubpcp k H

(24-6)

—-0.2
Dequbp)

:0.023[
o

2 2
D, D
I"H - = =
I, n(D,+D) 4

Concentric pipes
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Convection in Non-circular Conduits (turbulent)

T

D, D, (z2)
72' —_—
| J y 4 4 ) D,-D,

Concentric pipes

5 44  4ab  2ab
De —_ = =
? ] 2a+b) a+b

44  4ab  2ab
P = = 2 ;%“'
, (a+ ) a-+
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Convection Normal to a Cylinder <@’

Average coefficients for the entire surface

n

\
Gases: hp = b( Duyp (24-9)
k U

n

.
Liquids: ™2 :b(D”‘Op (1.1pr'?)

k Ko
Du,p/u n b
1-4 0.330 0.891
4-40 0.385 0.821
40-4000 0.466 0.615
4000-40,000 0.618 0.174

40,000-250,000 0.805 0.0239
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Local number for cross-flow about a circular cylinder

-\/ 80 100 700 ..\
_ I ﬂ\

- ! Mf\\ T
ReD!=219|,000 &l A
- _'186‘000 ‘fl'\ I i
170,036“]\\
.

\A 2] -
peog i N\

200

32030 59_ ] _j." . 220 100 — _,__!_
I - | T

| | 1
0 40 80 120 160
6-Degrees from stagnation point

At low Reynolds numbers At high Reynolds numbers
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Nu versus Re for flow normal to a single cylinder

EERRRan ]
o EEFHH AR =
i 11— A
300 = Kennely et al. ”l f < 1%.5
o Kennely and Sanborn | | #_FL
200 o L.V. King L’ \ & %O;‘?o
a Hughes N % Vel
100 ¢ Gibson p—
80 - + Reiher e Sl Lan SRESS
60 o Paltz and Starr VW{?{E I
40 v Vornehm L:f;ﬂa. i
o Hilpert 4_&5: Ar"'l ‘ \
> Gouhkman et al. k‘:,’gf’ % |
s 20 * Small 275 Coordinates of
- v Griffiths and Awbery A8l recommended curve
1.0 ~ Benke uj_z\c;o.oc
1 T o hD Poo Vo D
. oot Nu=3° Re="7
4 P 0.45 01—
2B | | [P - 0.84
oogﬁﬁgf"""’oﬁ 1.83 10 g
2 R 5.1 100
o?%f’g'ﬁ 157 1000
3 56.5 10,000
1 poe—po° 245 100,000
0.8 e 520 250,000
08 —— | ] EEER
04 HHH M rm
0'30.1 2 34 6810 2 34 6810 2 34 68102 2 34 6 810° 2 34 6 810" 2 3 4 6 8:10° 2 3

Rep
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Natural convection from horizontal cylinder

A single horizontal cylinder
103< Gr-Pr<10°

WD D3,02g,6’At 1/4 C u 1/4
720-53( > ) [ Z j (24-10)

u
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Example 24-3: find h between the surface and air
Heat loss ¢, =20"C

air
steam \ t,=56'C  |p_o.im
tf :ts—iz_too :56+2O:38°C
G — (0-1)°(1.14)*(9.8)(0.00322)(36)
k:?'?iifp/w?[( (1.92x10f
p=l1akg/m - .
B=0.00322 K =4.00x10
1.92 1075 P Pr:(IOOO)(l.92x10‘5)
S 0.0266
C,=1000. /kg-K 07
103 < PrGr < 10°
(24_]}-2% D32 BAL 1/4 C i 1/4
k 20'53( p§ j ( IZ ] :>h=5.81W/m2K
1
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Convection Normal to a Bank of Circular Tubes

t o+t
Grimison Equation (> 10 rows) r=T
Gases: hD b(DGmaX)
&k H (24-11)
Liquids: h_D:b(M) DG, Pr”3
k U
G 0= PUpmay (Velocity at the minimum cross section)

© 0606
©0 00

0=0.482 =O 229
n=0.556 n=0.632
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Convection Normal to a Bank of Circular Tubes

t+t,
Grimison Equation (< 10 rows deep) r=75
D (DG, )
Gases: 7=b
a (24-11)
Liquids: h_D:b(l,l) DG, Pr'’>
k H
v
The ratios given in Table 24-4
N 1 2 3 4 5 6 7 8 9 10
triangle 1 1.10 1.22 1.31 135 140 142 144 1.46 1.47
square 1 1.25 1.36 141 144 147 150 153 1.55 1.56
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Convective heat transfer exchange
between liquids in laminar flow and tube bundles
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Tube arrangement Rows D, inin. Pitch/D
A equilateral triangle (4) 10 3/8 1.50
R equilateral triangle (1) 10 3/8 1.25
staggered square (3) 14 3/8 1.25
\ staggered square (7) 14 3/4 1.25
in-line square (5) 10 3/8 1.50
in-line square (2) 10 3/8 1.25
in-line square (6) 10 3/4 1.25
N \#.\ ! |‘
\:\ §£
\Q;
N
WONN ~(3,7)
XN @)
1) S
;\ 1 (5)
(2,6) N
|
10 100 1000
GD




Energy transfer and frictional loss for liquids
In laminar and transition flow past tube bundles
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Convection from Spheres @

Froessling Equation

hD C 1/3 D 1/2
Nu="2 _20+06 -2~ WP a1)
k k
/ #

Heat transfer by conduction in an infinite stagnant medium

Steady state conduction: g = —k(47z7f2)ﬂ =const  (24-13)

_m D/2 32 _I dt (24-14)

11
—L(——+—]=to—ts (24-15)

g =27Dk(t, —t,) = h(zD*)(t, —t,) (24-16) & (24-17)
hD

—=2 24-18
A (24-18)
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Nu versus Re for air-flow past single sphere

Key Observer D,,incm P, in atm
1000 — [ Bider and Lahmeyer 1.5 1
= L Y.D. Borne 59 1.0
— o Buttner 5.0-52 1.0
= a Dorno 15 08 -
. s Meissner and Buttner 4.7-120 1-15 vH .
o Johnstone, Pigford, and Chapin  0.033-0.055 1.0 ‘i‘: &1]
et Schmidt 75 10 15018
v Vyroubov 1-2 ., 1.0 )',‘ﬁ' /¢:.f’
-Q\ 100 —— x Kramers 071-1.26 1.0 .T pe )
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Convective Heat Transfer between a Fluid and a Packed Bed

Bradshaw (1963)  400<Re/,<10,000

Pr*? =250

ok
]H ubspcp

i Dubsp

u(l-¢) |

—-1/2

(24-19)

where u, =é&u,, ¢&:void fraction

D
Rep — ubsp
p(l-¢)
Uy, = U,

(14-20)

U, = Average interstitial velocity at any cross section in the bed

U, = Superficial velocity
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Convection from a Plane Surface

Natural convection
Ideal gas heated by laminar
Natural convection Nu — 0_4786’7'1/4 (22-25)
from vertical plate "
(24-20)

e ar Nu, =0.59G"* Pr'* =0.59Ra"* 10" <Ra <10’

Laminar natural convection

t -3 t
. . 1 1 =0
Combinatonof A — 013G Pr? Ra>10°  pluo

Laminar+Turbulent

Quiescent
fluid

(24-21)
t,: Po

The fluid properties are evaluated
at the arithmetic average temperature

(t+t,)/2 | r
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Determination of heat loss to the atmosphere
by natural convection of air

he simplified forms of Egs. : -
(24-20) and (24-21) in which J.H. Perry (air, water, organic lig.)

values of the physical

properties of air at typical
arhbient conditions have
alfeady been substituted.

All surface: 1 =0.18(Ar)">  Ra>10

orizontal cylinder: h=0.50(A¢/ D}))"* 10° <Ra<10’
N

O [in]

(O Vertical plate: /=0.28(At/L)"* 10’ <Ra <10’
= [/t]

Heated horizontal plates facing upward: s =0.38(A¢)"* 10° < Ra<10’

Heated horizontal plates facing downward: 4 =0.20(Af)"* 10’ < Ra <10’
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Heat Transfer to Liquid Metals

(removing heat from nuclear reactors)

Liquid metal (same p, high k) : Pr<<1, 6,,>>6

For circular pipe, , LID>60, Pe>100
Lyon Equation

D 0.8 C 0.8
Ny =70+ 0.025( “oP j ( Z“ ) (24-27)
u

For circular pipe, , L/ID>60, Pe>100
Seban and Shimazaki Equation

D 0.8 C 0.8
Nu =50+ 0.025[ “pp j ( pk j
u k
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Heat Transfer to Liquid Metals for Flat Plate

Grosh and Cess

ot 0 ot 0t X
Y T ) o [ uoj

—f_erf y 2 y
Vadoxu, \/7W/405x/u0

" _k{d(t —1) (¢, —t) /
wox
1
hx _ 0.564( el Vo P“
k H

2
erf n —— n
7z 3. 1' 5. 2' 7 - 3'
Re Pr _2n
Nux _ X \/; when n 1s small
T 0.005<Pr<0.025
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Effect of Surface Roughness on Heat-transfer Coefficient

A

—~—

f=16/Re

surface

roughness

103

104 10° 106

Re=Du.o/u

Protuberance < laminar sub-layer =) No enhancement of h
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Effect of Surface Roughness on Heat-transfer Coefficient

Protuberance > laminar sub-layer
= Enhancement of h

—» Loss of energy due to friction

If surfaces with transverse fins are
used, the increases in the heat
transfer area and in the heat-
transfer coefficient are usually
offset by an increase in the power
required to pump the fluid past the
eat-transfer surface

— UL
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Effect of Surface Roughness on Heat-transfer Coefficient

Brouillette

- Heat transfer coefficient become double
- friction factor increase fourfold.

-Form drag is present !
V-shaped groove

Roughness ratio
= protuberance height/tubing diameter
=0.05
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Homework

24-1
24-4
24-6
24-14



