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CONVECTIVE
HEAT-TRANSFER COEFFICIENT




Introduction

In most transport processes
heat transfer in fluids is accompanied by some form of fluid motion
so that the heat transfer does not occur by conduction alone.

Forced convection: fluid motion arises principally from
a pressure gradient
caused by a pump or blower

Natural convection: fluid motion arises only from

density differences associated with
the temperature field

,1: Supercritical Fluid Process Lab



Heat transfer in fluids

Heat transfer
in fluids

~ conduction

\. convection <

r Forced convection

Natural convection

. Mixed convection
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Introduction

Whether the heat-transfer mechanism Is natural or forced
convection, the fluid motion can be described by the equations of
fluid mechanics.

@ low velocities — the flow is laminar throughout the system
@ high velocities — |laminar near the heating surface
+ turbulent some distance away

Although fluid velocities in natural convection are usually lower
than in forced convection, it is incorrect to think of natural
convection as causing only laminar flow; turbulence dose occur
when critical Reynolds number for the system is exceeded.
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Analytical Solution

All problems of convective heat transfer can be expressed in terms
of the differential mass, energy, and momentum balances.
However, the mathematical difficulties connected with integration
of these simultaneous nonlinear partial differential equations are
such that analytical solutions exist only for simplified cases.

One of the problems simplest to deal with analytically is that of

Heat transfer between a fluid and a flat plate
when the fluid is flowing parallel to the plate.
(Fig. 21-1)
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Heat transfer between a fluid and a flat plate
when the fluid is flowing parallel to the plate.

(Fig. 21-1)

Edge of thermal
boundary layer

Direction of flow

Leading edge of the plate flat plate

Fig. 21-1
Development of a thermal boundary layer for flow over a flat plate
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Temperature profiles in a developing
thermal boundary layer on a flat plate
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flat plate

y, distance normal to flat plate
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Development of thermal boundary layer for flow over a flat plate

Lo m—

Direction
of flow

|

Blasius flow (laminar flow)

Uy X :
Re = Plor < 55 10° (Laminar flow)
: y
Velocity Temper.ature
gradient gradient
| ! Hydrodynamic Boundary Layer (HBL)
U0 I | x” =0.99U,
| |
- | I
== i to Thermal Boundary Layer (TBL)
: | =0.99At
] I
: | | J
i i i Flat plate
| | | X
x() ts )C] 1:s )C2 1:s xj’
Pr=X>1..HBL>TBL
_a Pr: water = 6.5,air=0.7, Hg = 0.025
V 0 _
Pr=-<1---HBL< TBL water (350°F) =1
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Heat transfer system

Heat is transferred between a fluid and the wall of a pipe

Edge of thermal
boundary layer

v

Direction of flow

v

ts ts ts ts ts ts ts

<— Thermal-entrance length —
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Development of thermal boundary layer for tlow in a pipe

Entrance region

Re,; = Pt <2100 (Laminar flow)

Yz,
tS
>
EE—
U, ; TBL
I HBL

Thermal Entrance Length

HBLT: Lo=0.05 Re,

D

7 D
TBLT : 5 = (0.05Re - Pr 2

L
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Temperature profiles near the entrance of a pipe

b

N X

Figure 21-4
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Temperature profiles vs Velocity profiles

The temperature profile at a point in a flow
system Is influenced by the velocity profile.

The velocity profile 1s influenced by the
temperature profile. (The velocity profile of an
Isothermal system may differ substantially
from the velocity of a system In which heat Is
being transferred.)
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Temperature profile in a fluid

[ = eee— —

= E——— ]

Temperature profile in a fluid is influenced by the velocity profile

Differential energy balance

Ot Ot or ot _ k o0°t 0°t 0t
U, _—+tu, —+U, st 5 T |61
\ " Ox oy 65 00 pC 6x oy’ 0z

velocity profile Temperature profile

Velocity profile is influenced by the temperature profile in a fluid
Navier-Stokes equation

ou, ou, 61/1: ou., o g. op (8 u, 0u, 6%@]

- +
ox>  o8y> oz’

"ox "9y 0z 00 7T pox 4

Note that viscosity is temp dependent !
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Simplification

The non-isothermal velocity profile can be used in solving the
differential momentum and energy balances for a non-
Isothermal system.

This simplification may introduce a serious error when the
viscosity of the fluid is strongly dependent on temperature.

Frequently the temperature gradient is greatest near the wall,
and it is in this region that the velocity gradient is also
greatest. The effect of temperature on the viscosity of the fluid
at the wall may therefore have a pronounced effect on both
the velocity and temperature profiles of the system.
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Individual Heat-transfer Coefficients

Fourier’s law
At the surface, there 1s no fluid motion and

Heatltrlansfer energy transfer can only by conduction
coefficient A

Newton’s law of cooling -~ ~
N
W I a A

Heat’[I;-\)aar;[:f(e):f W :hA tS _tm :_k A—
x| (t, — 1) =—k, o

y=0
Surface temperature bulk temperature
Ly
—>
—>
Ly e Y
= 7.t
t
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Individual heat transfer coefficient, h

h IS a function of

the properties of the fluid,
the geometry and roughness of the surface, and
the flow pattern of the fluid.
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Evaluation of individual heat transfer coefficient, h

Several methods are available for evaluating h
Laminar flow systems — Analytical methods
Turbulent systems  — Integral methods

— Mixing-length theory
— Dimensional analysis
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Evaluation of individual heat transfer coefficient, h

dq = de[E) =h(t, —t,)dA
dy ),

¥

__k (dtj :k{d[(t—ts)/(to—ts)]}
1:O_ts dy y=0 dy y=0

Velocity of flow past the heated surface 7
Temperature gradient at the wall 1
Heat transfer coefficient, h 1
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Individual Heat-transfer Coefficients

» The thermal boundary layer strongly influence
the wall temperature gradient d7/dy| _,

» The wall temperature gradient will determine
the rate of heat transfer across the boundary layer

» Since (t.-t,) is a constant, independent of x, while o,
Increases with increasing x, temperature gradients in
the boundary layer must decrease with increasing x.

P Accordingly, the magnitude of dr/dy| _decreases with
Increasing x, and if follows that g and h decreases
with increasing x.
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Individual film coefficient, h

If the resistance to heat flow is
through of as existing only in a
laminar film, h is k/Ax, where Ax, is
the equivalent thickness of a
stationary film just thick enough to
offer the resistance corresponding
to observed value of h. Since there
IS often an appreciable resistance in
the turbulent core and since the
stationary film has not even an
approximate physical counterpart in
laminar flow, boiling and radiation,
we shall refer h as an individual heat
transfer coefficient.

Fictitious film

AX,

+—>

Buffer

Z0ne

Fully developed
Turbulent flow

H_J

Laminar
sublayer
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Individual Heat-transfer Coefficients

Definition of h
Flow through a heated conduit = hA(t —t ty = J U tdA
g q ( s b) Auav A
Mixing cup temp
Natural convection qg=nhA(t, —t)) ! _=Temp far from surface
Condensation q = hA(tsv — l‘é) [ =Temp of sat vapor
Boiling fluid g=hA(t, —t,)  1,=Temp of sat liquid

Radiation g=hAt K —t,)
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Individual Heat-transfer Coefficients

Convection in Circular pipes, Laminar : Eq. (22-40) pp352
Convection in Circular pipes, turbulent : Eq. (24-4) pp384
Convection from spheres : Eq. (24-18) pp395

Convection from a plane surface : Eq. (24-22)- Eq.(24-26)
Boiling fluid : Eq. (25-5) pp412

Condensation on vertical tubes : Eq. (25-29) pp420
Condensation on horizontal tubes : Eq. (25-32) pp421
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Individual heat transfer coefficients

h, Btu/(h)(ft2)(°F)

Steam, dropwise condensation 5,000-20,000
Steam, film-type condensation 1,000-3,000
Water, boiling 300-9,000
Organic vapors, condensing 200-400
Water, heating 50-3,000
Qils, heating or cooling 10-300
Steam, superheating 5-20

Air, forced convection 2-15

Air, natural convection 0.5-2

Multiply values of coefficients given in table by 5.678 to get W/(m?2)(K)

,1: Supercritical Fluid Process Lab



Example 21-1

The analysis of unsteady-state heating or cooling of solid objects can
be often be simplified by assuming that the resistance to heat
conduction inside the solid is negligible compared to the convective

heat-transfer resistance in the surrounding fluid.

The circumstances necessary to justify this assumption are a high
thermal conductivity for the solid and a low convective heat transfer
coefficient in the adjacent fluid. A metallic object being heated or

cooled in air often constitute such a system.
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Example 21-1

To illustrate, we shall calculate the time required for a mercury
thermometer initially at 70°F, placed in an oven at 400°F, to reach
279°F. The thermometer bulb has a diameter of 0.24 in and will be
assumed to be adequately represented as an infinitely long cylinder
with negligible resistance to heat transfer either in the glass which is
very thin or in the mercury, which has an adequately high thermal
conductivity [k=5.6 Btu/(h)(ft)(°F) at 140°F]. The mean convective
heat-transfer coefficient between the outside of the thermometer and

the air in the oven will be taken as h=2 Btu/(h)(ft?)(°F).
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t

Example 21-1: time required for a mercury thermometer

=

]

thermometer bulb ® infinite long cylinder with negligible resistance

—»

————————
I

I
e

to heat transfer either in the glass or in the mercury

Heat balance on the thermometer bulb
dt

hA(400 —¢ CV—
/' ( )=p 10

Rearrange and integrate

dt _ hA a0 N l400 279 _ hAO

400—1  pCV 400-70  pC,V

4000F

For a cylinder,
A DL 4
Vv zD’L/4 D
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Example 21-1: time required for a mercury thermometer

o

T

pC, . 400-279
0 = —In
h(AlV)  400-70

0 =849 [b/ fi’
C,=0.033 Bru/(Ib)"F)

= (849)(00'0234?) ln@ =0.07071In(2.72) = 0.0707 h

121
(2)(4/?) = 4.24 min

0

For an infinite cylinder, A/NV=(zDL)/(D?%/4)= 4/D
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Example 21-1: time required for a mercury thermometer

——

Y _ e—Bi-FO
In 400 — 279 hA6
40070 PCpV Biot number Fourier number
400279 hA0 (hL k0
= exp| ——— |=exp| — >
400-70 pCpV k pCp[f
L : characteristic length scale
y pC v For an infinite cylinder, L=V/A=D/4
— T = . time constant (time required for
Y =¢ the temperature difference driving
_ : force to fall to e or 0.368 of its initial
T =4.24min

value.
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Time constant

' _ R N

pCV
As 7= decrease
hA

pC Vv
hA

For fast response on change in temperature 7=
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Temperature response, t

T =time constant

A~

—
| 50 20 10 5 1 0.5
/0 70 70 Fil Lis Fil Fil
1| 76 3444 86 09429 101, 4037 129.8189“ 20 hogg| 3bk 3394
2] 82.83049( 101, 4037 | 1298189 178,7944( 3Bk 3394 393 9668
3 892177 11k 9664 166 B3| 218 8922( 383 703 399, 182
A1 95 37161 1298129 178,7944) 2h1 72141 393 9568 | 399 8293
K 101, 4037 142 9957 199 8449 278 5998 397 77/66| 399 986
Gl 107, 3163 166,63 218.8922( 300,609 399, 182 3909 998
J 113 018 167 AB29] 236 1268 318 623[ 399 6991 399 9997
s 118, 7926 178 7944 | 251 7214 333,3741| 399 8893 400
9| 1243608 189.6827] 26k 2321 345 4514 399.9593 400
10] 129.8189] 199 8449) 278 5998 366 3394 399 98k 400
11 135, 1688 209 6066| 290 12k 363 43| 399 9394k A0
/12| 140.4128] 218 8922| 300.6068] 570.0631] 589,998 400
\ 13 146563 227, 7249 310,0645| 375 4897 399 9993 400
14) 150.5914) 236 1268 318 623 379 9327] 399 9997 A0
15 16063 244 1189 328, 3687 383 703 399 9999 A0
16 160,3708| 21,7214 333.3741] 386,548k 400 400
17| 165,1168| 268 9831] 339, 7144| 388 9868 400 A0
18] 169.7/668| 265 832| 346 4514 390, 9832 A0 A0
19 1743267 272,3768] 3b0,6424] 3926176 400 400
20 178, 7944) 278 hagg] 36k 3394 3893 9bhE 400 A0
210 183, 1746 284 R20E| 369 B9l | 34968 061k A0 A0
22| 187.468[ 290 1626|363 436 389k 9486 400 400
23 191 676d| 288 LOS99| 366 9146[ 3896 6229 A0 A0
240 196 8016 300 609 370 06831 [ 397 2842 A0 A0
25| 199 8449 305 4534 372.912| 397.7765 400 400

,;t Supercritical Fluid Process Lab




Temperature response, t, with time

450
400
350
300

t 250
200
160
100

50
0

10

0, miIn

200

30
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Biot Number (Bi)

Bi _ the internal thermal resistance of a solid
the boundary layer thermal resistance
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Fourier Number (Fo)

B the rate of heat conduction
the rate thermal energy storage in a solid

Fs
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Reynolds Number (Re)

_theinertia forces
the viscous forces
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Prandtl Number (Pr)

or — the molecular momentum
the thermal diffusivity
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Individual heat transfer coefficient, h
Overall heat transfer coefficient, U

g = hAAt

Individual

g =UAAL

overall



Overall Heat-Transfer Coefficient

Heat is transfer by a series of conduction and convection mechanisms

t
t, N
" h t\\\ t,
tS 0 3 t
1
[, —1 [, —1
q = hiAi(tl - ZLZ) — kbAb, Im f = kcAc_,lm 3AV = h()AO(tél o [5)
b c
(21-12)
Thermal L Ar, Ar, 1
resistance 4 kA k A z h, A,
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Individual temperature drops

: 1
L- =0 m
. AT,
tz _ts =( " °
) bAb,Im
Ar
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Overall temperature drops

At =1,

overall

—1c
gL g Ah g An oL
kAblm kcAc,Im hAO

ThA :
[ 1 Al AT, N 1 j
A| k Ablm kcAc,Im hOAO

q: tl_ts qzm

[ 1 Al AT, 1 j =
—— + + +
hiAi kbAb,Im kcAc,Im hOAO
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Overall coefficients of heat transfer
based on the outside area U,

AOAtoveraII

g=
[ A, , AAL,  AAT
hiAi kbAb,Im kCACJm

UO h AI k Ablm kcAc,Im

q — U 0 AOAtoverall

1
_|__
3

1 _ A AN, AAL 1

hO
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Overall coefficients of heat transfer
based on the inside area U,

— AiAtoveraII
[1+ AAT,  AAT, A )
hi kbAb,Im kcAc,Im hOAO

1 _ 1AM, AAr A

Ui hi kbAb,Im kcAc,Im hOAI

q=U;AAt

overall
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Overall coefficients of heat transfer

q — U 0 A()Atoverall
—U. AAt

overall



Overall coefficients of heat transfer

Al

— overall

| >R
SR — 1 _ 1
UoA, UiA

UoAy =U;A
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Approximation of overall coefficients of heat transfer
based on the inside area U;

1_1+AiArb+AiArC+ A

Ui hi kbAb,Im I(cAc,Im hOAI

1 Ar, Ar, 1
h. k, "k, ' h,

C

Appreximation

~

1 1 Ar, Ar, 1
=—+—+
U. h k, k. h

I | C
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Overall coefficients of heat transfer
of the flat parallel walls

U U, h k  k h,

I C

1 1 1 Ax, Ax, 1
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Overall coefficients of heat transfer

Table 21-2
U, Btu/(h)(ft?)(°F)
Stabilizer reflux condenser 94
Oll pre-heater 108
Reboiler (condensing steam to re-boiling water) 300-800
Air heater (molten salt to air) 6

Steam-jacketed vessel evaporating milk 500

,1: Supercritical Fluid Process Lab



Fouling In heat exchanger

,:]= Supercritical Fluid Process Lab



Fouling In heat exchanger
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Fouling Coefficients

Fouling: deposits on heat transfer surface

- hard scale
(boiler or evaporator)
- coke
(oil heater in a refinery)

- porous deposits

(mud, soot, vegetable)

—

Heat thermal conductivity
Transfer =
Coefficient thickness of scale

Sandblasting, pneumatic cleaning
tools, chemical cleaning

Thermal conductivity itself may be high
But effective thermal conductivity may be
almost as low as that of the fluid.

Steam (air, hot water) blowing
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Fouling Coefficients

q = h AAt

scale

CA n A _|_Arb +AI’C n fouling
|Ai hdiAi kb Ab,lm kc Ac,lm 0

di
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Fouling Coefficients

_ outside Inside

+ PRI fouling fouling
di” ¥ kb JIm kc Ac,lm do 0

do di

FEAAAAAASEEAAARAEEEIAAAL
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Fouling coefficients

Table 21-3
hg, Btu/(h)(ft?)(°F)
Overhead vapors from crude-oll distillation 1000
Dry crude oil (300-100°F):
Velocity under 2 ft/sec 250
Velocity 2-4 ft/sec 330
Velocity over 4 ft/sec 500
Alir 500
Steam (non-oil-bearing) 200
Water, Great Lakes, over 125°F 500

Tubular Exchanger Manufacturers Association, New York, 1949
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Example 21-2

A reflux condenser contains % in. 16-gauge copper tubes
In which cooling water circulates. Hydrocarbon vapors
condense on the exterior surfaces of the tubes. Find the
overall heat-transfer coefficient U,. The inside convective
coefficient can be taken as 4500 W/m<-K, and the outside
coefficient as 1500 W/m?-K.

Approximately fouling coefficients from Table 21-3 are

Btu/(h)(ft?)(°F)
th — 5700 W/m2 . K Overhead vapors from crude-oil distillation 1000
hdi = 2840 W/m?2-K Water, Great Lakes, over 125°F 500
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Example 21-2 Find U

3/," -
4" 16-gauge copper tube outside h, =5700 inside 2840
r=0.0157 fouling | foyling

r,=0.0191

unit; W/m2-K
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Fouling Coefficients

© A v P AL 4 AL +—+ . .
hA  haA ko A ko A outside Inside
fouling fouling

do di

S AN s A S
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Example 21-2

hy = 4500W /m?-K, hy =1500W /m? - K
h, =1000x5.678=5700W /m?-K
h, =500x5.678=2840W /m?-K

k=380W/m-K , r,=0.0157/m , r,=0.0191m
_r,—r 0.0191-0.0157

f, = S oie1 = 0.0175m
In In ——=
r 0.0157
U, = :
ho, o Arn 1 1] o 00191  _ 0027
hr, hdiri K i hdO s hiri (4500)(00157)
oo 00191 oo
h.r  (2840)(0.0157)
ATt (0.00165)(0.019) o,

kr  (380)(0.0175)

L _ 1 _oo0o018 Lt-—t —000067
h, 5700 h 1500

0
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Example 21-2

1
U, =
h T +Ar'r°+ 1 N 1
hi r| hdi r| kb rIm hdo hO
B 1
0.00027 +0.00043 +0.0000047 +0.00018 + 0.00067
Resistance of metal wall is negligible
_ 1 _ 645W /m2 . K Fouling Resistance is significant~39%
0.00155
U/A =U,A,

U, = (645)(0.0191) /((0.0157) = 785W /m? - K
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Heat Exchangers

Shell -side
fluid inlet

Shell =side
thind outlet

Plugs for

draining and
maimntenance 7

Segmental batfles

Drain plug ; 25,
Brace

Tube rolled into tube sheet - B\ e p
i l‘ﬁ _

Tube side
fluid inlet

I'ta. 403. Cutaway view of a single-pass shell and tube exchanger. (Ross Healer and Mfg. Co.)
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Heat Exchangers

Clamp ring

or hook bolts Shell Tube

fluid fluid

Floating out
head cover Stationary tube sheet >
Tie rods '/.' Channel
Impingemenl baffle Shell and spacers | /’:ll‘:%_
e e AT A A 2K 7N
lh'l. l'[_“'l ‘,5_‘\‘ rﬂi ::}:x\-.
| p— " Iy N
T Ty = \
" LA . | |Tubes =) N
/ A W
o r ST ETTTFIFTTEELFLSSES /f—"'f)'l)’/__[[j[ i E
Transverse baffles B ==
or tube support plates ©
Floating Channel cover
Shell Tube
fluid flud
out in

F16. 410. Cross-sectional drawing of a typieal four-pass tube side, single-pass shell side, floating head heat exchanger. (Tubular
Exchanger Manufacturers Association.)
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Heat Exchangers

R
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el
i

I'ia. 412. Component parts of a feed water heater.

(American Locomotive Co.) 1, shell; 2, assembled tube bundle; 3, elamp
ring for floating head; 4, channel with integral tube sheet; 5, clamp ring for channel cover; 6, shell cover; 7, floating head tube

sheet; 8, flonting head

yer; 9, channel cover.
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Heat Exchangers

Tube Shell Shell
fluid fluid fluid
in out in

|
|
|
N alr / ] % /Tubes /-Bafﬂe @i/;
[/ X ///T AL 4 ARSI SIS ,//lw;/ A IR %/% Ei

\ N N

N N 1 ¥/ = Outlet

8 \ = fr=t——r—= 1 — I NN Hesilee

_\\\‘ ) RS =75
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N \ X ~— I I IT T 11 l\

N \Inlet N 7

N Meder AN S -
N \ ; I u| I1 - o S |
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N Tube sheet /I i e [T — - aut
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|
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Heat Exchangers

Shell Tube
fluid fluid
in in

 Baffle

Shell Tube
fluid - fluid
cut e out

Figure 15.3. Heat exchanger with four tube passes and one shell pass. (Courtesy The Whitlock Manufacturing Co.)
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Heat Exchangers

Cover end shell flange
Shell cover flange g < T Shell nozzle flange
Shell cover
Shell
Shell cover bolt @=7§::3L<—Tie rod
= }

Spacer

1\[ Floating tube sheet
C Tube

N U‘\r Baffle
] N

N ] Splice bar (split 90° to backing ring)
-—'—""._-_._.'r B

N AR RN
0 O B

|

Shell cover gasket

Floating cover

Floating cover gasket

Floating cover bolt
Floating cover flange

Backing ring (split) @

= =
[N

oz

——

(¢) Detail of floating head.

Figure 15.4. Two-tube-pass, one-shell-pass, floating-head heat exchangers. (Courtesy National U.S. Radiator Corp., Heat
Transfer Division.)
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Shell-and-Tube Heat Exchangers

Tube
outlet

Shell Tube
outlet inlet

Ficure 11.3  Shell-and-tube heat exchanger with one
shell pass and one tube pass (cross-counterflow mode of
operation).
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Shell-and-Tube Heat Exchangers

Shell inlet

I

t

!
/

» Tube outlet

<— [ube Inlet

» Tube outlet

<— Tube inlet

>4 - '__ e
I R 2
| N L AL
l Shell outlet
(a)
vLShell inlet
e
{ N ™~
( N - \\ If
I 11- ..-" s 1'...._.1
I
: A
I kit =
. > S
( £ 7 \
/
i I
l Shell outlet
(b)

Ficure 11.4  Shell-and-tube heat exchangers. (a) One
shell pass and two tube passes. (b) Two shell passes and

four tube passes.

,:]= Supercritical Fluid Process Lab



Heat Exchangers
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Crossflow heat exchangers

—

Cross flow
T=f(x,y)

Cross flow
T=f(x)

(a) Finned with both fluid unmixed
(b) Unfinned with one fluid mixed and the other unmixed
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Compact heat exchangers

Corrugations

. /4 lorfins) —

/

-

T Parallel plates £

() (e)

Ficure 11.5  Compact heat exchanger cores. (a) Fin—tube (flat tubes, continuous

plate fins). (b) Fin—tube (circular tubes, continuous plate fins). (¢) Fin—tube (circular
tubes, circular fins). (d) Plate—fin (single pass). (e) Plate—fin (multipass).
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Double-pipe heat exchanger

)

pOd [ -

Tube 3 w
fluid —> ? 3 g
in s
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Double-pipe heat exchanger

Cold Fluid in

W, Ib/hr
Hot Hot
Fluid «— «— Fluid
OUt ) ’+ : In

W, Ib/h wyn @D / \t ‘ an Wy Ib/hr
@ b
| Cold Fluid out
ggfhcfrl‘;gzg;gr?g;g W._ Ib/hr

considerations such as
corrosion, plugging, fluid
pressure, and permissible

ressure drop. . :
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Double-pipe heat exchanger

C.=C,

At= At;= At,= constant

|

|

|

|

|

|

|

|
Cold fluid L |
-~
|

|

|

|

|

|

|

|

Inlet Outlet
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Double-pipe heat exchanger

s Condensing fluid |

. I
§s :
I
I
L Cold fluid | :
: £
:
I
I
I
I
I
I
I

I Hot fluid

5>

|

|

|

|

|

|

|

|

|

|

‘K |
Boiling fluid :

|
|
|

I - I B
=2

Inlet Outle{ Inlet Outlet

(a) Condenser (C; — )

(b) Boiler (C. — =)
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Double-pipe heat exchanger

Cold Fluid in
W, Ib/hr

!

t
| C\l - Differential section
Hot X : Hot
Fluid Out <+— I <= Fluid In
|
W, lo/h ] W, Ib/hr

74 T | | 14 N
1 t. } 2
Cold Fluid out
W, Ib/hr
The determination of the required heat transfer area is one of the principal
objective in the design of heat exchangers. For a differential segment of the
exchanger for which the outside tube area is dA,,

C

q = UOAOAtoverall
Generally, J‘q dq — Po dA
- . — 0
dq =U At ., dA, < U, & At are varing o U oAtoveraII
=U,AtdA

(21-23)
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Double-pipe heat exchanger

Outside heat
transfer area, A,

The difference between the
mixing-cup temperatures of the
hot and cold fluids, At

The overall coefficient
of heat transfer U,

Under steady conditions, the mixing-cup temperature of the hot and cold
fluids in a heat exchanger are assumed to be fixed at any cross section
normal to the flow. The overall temperature difference is 4t = t, - t..

,:]= Supercritical Fluid Process Lab



Countercurrent vs. Concurrent

TS
Cold Fluid in
W, lb/hr
Hot - — Hot
Countercurrent ruidod Fluid In
W, Ib/h |l|7‘2” W, Ib/hr
Hl”
Cold Fluid out
W, Ib/hr
Cold Fluid in
W, ib/hr

Concurrent o —»ﬁ—»ﬂu?féut
Fluid In Wh Ib/h

(Parallel-flow)  w, b aqr | 1“‘2”

Cold Fluid out
W, Ib/hr
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Double-pipe heat exchanger
Countercurrent

If C,=constant
() @
= = Hot fluid, t
O ©
o - o :
Cold fluid, t,

g Cold fluid, t, __—"" 5 - —
o o
o At, 3
é, At = ty é’ At = th _tc Atz
X At XAt | d (At)

! Length 2 ! g 2
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Heat balance for the differential section

Cold Fluid in
/leferentlal section

W, Ib/hr
Hot
' Fluid
In
o | W, Ib/hr
' |

- |
H2H
t, 1
Cold Fluid out
W_ Ib/hr

dq — WCCpCdtC — Wthhdth — UO(th _tC)dAO
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Mixing-cup temperature

=

Double-pipe heat exchanger

If Cp=constant

The difference between the mixing cup

Aw/ temperatures, At, is also linear w.r.t. q.

Cold fluid, t, —>

At=t, —t. AL, d (At) AL, ALY
dqg dq q
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Heat Balance in the differential section of the exchanger

— |
Cold Fluid in
W_ Ib/hr

¢ tc /Diﬁerential section
Hot ‘ \l Hot
Fluid — <« Fluid
Out In

W, Ib/h o o\ s W, Ib/hi
1 o 2
t. h
Cold Fluid out
W_ Ib/hr

dg =w.C .dt, =w,C dt, =U/(t, -t )dA, =U AtdA, (21-25)

d(At) AL, — At
dq q

(21-26)
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Heat Balance in the differential section of the exchanger

d(At)  d(At) At —At,

dg =U,Atd = = 21-27
J»Atz d(At) _ At, — At J'Ao dA, o1z
Aty U OAt q 0
If U =constant
At, — At

=U 0 2 1 LMTD 91.29
g AO |: |n(At2 /Atl):| II;/loegaanrithmic ( )

Temperature

Difference

,:]= Supercritical Fluid Process Lab



Heat Exchange in double pipe heat exchanger

Cold Fluid in
W, Ib/hr
¢ tc /Diﬁerential section
Hot ‘ \‘I Hot
Fluid «— <« Fluid
Out ] In
W, Ib/h o R i Wy b/
t. -t
Cold Fluid out
W, Ib/hr
AL, — At
qg=U_A, I (Azt /A:: ) =w,C At =w,C At
INAL 7AL )
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Example 21-3

If the temperature of approach (minimum temperature difference between
fluids) is 20°F, determine the A, w,, for (a) concurrent flow and (b)
countercurrent flow.

Kerosene
450°F

1 Wh

‘ ‘ countercurrent flow

Crude oil
W_=2000 Ib/hr
90°F

Overall coefficient U,=80 Btu/(h)(ft?)(°F)
Specific heat of crude oil = 0.56 Btu/(ib)(°F)
Specific heat of kerosene = 0.60 Btu/(ib)(°F)

Supercritical Fluid Process Lab



Example 21-3 (a) Concurrent flow

Total heat load:

q=w,C At, =(2000)(0.56)(200 —90) =123,000 Btu /h

9

123,000

Wh =
ph

9

At (0.60)(450 — 220)

A"_U { At, — At

In(At, / At,

123,000

)

oo 360-20
In(360/ 20)

=13.1 ft?

|

} At, =360

=8911Ib/h

The temperature distribution

450

90

>

crude ol

220
200

The approa

ch=20°F

At, = 20
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Example 21-3 (b) Countercurrent flow

Total heat load:
g= WcCpcAtc = (2000)(0.56)(200—-90) =123,000 Btu /h

wo=—d 123000 _ghqy
CphAth (0.60)(450-110)
The temperature distribution
_ g
% U At, — Aty 450
° In(At, / At)) =250
_ 123,000 200
_ 110
80{ 250 — 20 } i~
In(250/20) The approach=20°F
=16.9 ft°
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(21-30)

If U, Is a function of temperature

UO

= a+ bAt

jmz d(At) _ At,— At LAO I S

Ay U At g

A, — At

(a+bAD)At

J‘Atz d (At) _ J‘Atz (1/ a N

Aty

M (a+ bAL)AL At

At,

= iInAt—lIn(a+bAt)}
 a a At
(1, At TZ

=|—In
la  a+bAt ],

—lln At, a+bAt
a (a+DbAt,
1 UolAt2 J1a1
a UozAt1 ( )

. A,
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If U, Is a function of temperature

U, =a+DbAt
U,, =a+DbAt,
U, =a+bAt

UoZ _Uol — b(Atz _Atl)

b = U02 _Uol
AL, — At
2o Ualt Ut

At, — At,
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If U, Is a function of temperature

U, =a+DbAt
A=At 1) Ugdt,
g UozAtl
o U, At —U Al
At, — AL
U AL —U AL
4= i YaAt, U_At, A (21-34)
U_,At,
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U, = const q=U,A
In[

U0=a+bAt q:

Heat transfer rate in double pipe heat exchanger

AL, — At,
AL, j (21-29)

AL,

U_,At, —U_,At,
U " At2 AO (21-34)

U At

In
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Homework

PROBLEMS
21-1
21-6
21-10
21-15
21-17

Due on November 2
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