Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




{ Parallel Flow Design
V Temperature Profile and Total Heat Transfer

{ Counter-flow Design

Learning Objectives:
Calculate the total heat transfer for parallel flow HE

V/Calculate the total heat transfer for counter flow HE



Introduction to Heat Exchangers

A. Concentric Flow Bk = - | — 7 = 0

Parallel Flow Counter Flow



Temperature Profile
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= Let's write a local energy balance, similar to what we did for internal forced convection



Temperature Profile and Total Heat Transfer

=
Tflhcp’h — I, —> : dq: — 1+ dI,
Lly/ dA

—_—
Heat transfer

——t

5 1

McCpe —> Ty | =T+ dT,
1

surface area
—_—

N i VT VTS

1=In

2=out

_ AT, — AT, _
Q =UA AT, = UAAT,,
AT, — AT,
AT, =
AT
In ( 2/ ATl)

ATy = (Tpy = Te1) = (Thin = Tein)
AT, = (Th,z - c,Z) — (Th,out - Tc,out)



Temperature Profile
T 1 Thin

Th,out

Q(x)

Tc,out T..
c,in

® Whatis an appropriate AT,,,?



Temperature Profile and Total Heat Transfer
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This Lecture
O  Special Operating Conditions

4 Exercises

Learning Objectives:
( Recognize specific conditions



Special Operating Conditions

Representations Based on Counter Flow
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This Lecture

Special Operating Conditions

4 Exercises

Learning Objectives:
ecognize specific conditions

11



A counterflow, concentric tube heat exchanger is used to cool the lubricating oil for
a large industrial gas turbine engine. The flow rate of cooling water through the
inner tube (D; = 25 mm) is 0.2 kg/s, while the flow rate of oil through the outer
annulus (D, = 45 mm) is 0.1 kg/s. The oil and water enter at temperatures of 100
and 30°C, respectively. How long must the tube be made if the outlet temperature
of the oil is to be 60°C?

oil |
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| |
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Assumptions:

1. Negligible heat loss to the surroundings.

2. Negligible kinetic and potential energy changes.

3. Constant properties.

4. Negligible tube wall thermal resistance and fouling factors.
5

. Fully developed conditions for the water and oil ({7 independent of x).

For the cold side estimate the physical properties at T =35C

Forced Convection in an Annular Passage:

Note that separate convection coefficients are associated with the inner and outer
surfaces. The corresponding Nusselt numbers are of the form

8D,

Ny, = lkh {8.69)
D

Nu,= ”kh {8.70)

the hydraulic diameter /2, is

Ui (IF — [F
P [ B
7D, + 7w,
For the case of fully developed laminar flow with one surface insulated and the
other surface at a constant temperature, Ny, or Nu, may be obtained from Table 8.2.

TaABLE 8.2 Nusselt number for fully developed laminar
flow in a circular tube annulus with one surface insulated
and the other at constant temperature

DD, Nu; Nu, Conmernts
0 — 3.66 See Equation 8.55
0.05 17.46 4.06
0.10 11.56 4.11
0.25 7.37 423
0.50 5.74 4.43
~=1.00 4.86 4.86 See Table 8.1, b/a— =

Used with permission from W. M. Kays and H. C. Perkins, in W. M. Rohsenow and J. P. Hartnett, Eds.,
Handbook of Heat Transfer, Chap. 7, McGraw-Hill, New York, 1972.
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Examnle Properties: Table A.5, unused engine oil (7, = 80°C = 353 K): ¢, = 2131 J/kg - K,
o= 325 X 107 N-sm?, k = 0.138 W/m-K. Table A.6, water (T, =~ 35°C):
c, = 4178J/kg K, o = 725 X 107 ° N - s/m?, k= 0.625 W/m - K, Pr= 4.85.

il 4 . |
—>IL _Ll_l ! For the hot fluid we know both inlet and outlet temperatures hence we can determine the
‘ _4'::_____:_"1_ Y overall heat that must be removed as it flows through the heat exchanger by applying the
atey e (I | energy balance to the hot side:
o e e e e +
4= mhcp,h(Th,i - 1,)
: > g =0.1kg/s X 2131 J/kg - K (100 — 60)°C = 8524 W
| = LOOFE All this heat must be transferred to the cold side, therefore we can immediately determine

the exit temperature of the cold fluid:

q
Tc,o = ITI c + Tc,i
T, .= 60°C c“pe

= 0.2 kgs o 8524 W
.. < > v "0~ 0.2kgls X 4178 J/kg - K

Now that we know all the inlet/outlet temperatures we can estimate the length of the heat
exchanger by considering the overall energy balance:

+ 30°C = 40.2°C

q={UAAT,| whereA=mnDL
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|~ 7= 100°C

T, ,= 60°C

m.=0.2 kgfs

T, N —
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We calculate the logarithmic mean temperature for a counter-flow heat exchanger:

T, —T.)— (T, —T. _
A]Im _ ( h, ,) ( h, ,I) _ 598 30 — 4320C
In[(T,;,— T.)(T,,,— T.)] 1n(59.8/30)

Assuming negligible conduction resistance of the wall, the overall heat transfer is affected
only by the convection on the cold and hot side:

1 1 1

= Reonv,cota T Reonv,colda = +
UA ' ' hcoldAcold hhotAhot

As the thickness of the tube wall is negligible, the areas are the same both for hot and cold
convection, therefore:

1 _ 1 N 1
U hcold hhot

The convection conditions for the two sides are:
+ Cold side: internal forced convection, circular tubes, fully developed flow
 Hot side: internal forced convection, annular passage, fully developed flow
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Example ot
Y hcold hhot
0il e e e o — — |
—>|i ||_l T
«— ISy D- I,
Water + ————— —f 25 mm 45 mm Cold side:
I 1
e ' Rey, dm, _ 4 x 0.2 kefs — 14,050 > 10000 > 2300, turbulent flow

" 7D 7(0.025m)725 X 10 °N - s/m?

a

v

Nup=0.023 R’ PP
Nup = 0.023 (14,050)*° (4.85)%4 = 90

= = 2250 W/m? - K

o k90 %0.625Wim K
= 4=Npp 0.025m

T, ,= 60°C

m.=0.2 kgfs

T -

T, =30°C
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Example o1
U hcold hhot
O e o o o - Hot side:
—> i ||_l T o
~——ImTswsesweY D- [- Dy=D,— D =002m,
Water + _____ _E 25 mm 45 mm ‘ .
I — B[ - o R D pD-D) |y | m=eV=pud
- ' vR B (DL — DA
15 4% 0.1k
< > Rep = "a = gs — = 56.0
7 (D, + D) 7(0.045 + 0.025) m X 3.25 X 107%kg/s - m
Rep< 2300, laminar flow
D; hD
= — =056 = Ny=-""=563
D, k
T, .= 60°C
m.=0.2 kgls
—— < 2 n0.138W/m K _ -
T, > v = h,= 563750 = = 388 W/m’ - K




0il e e o o — — -
P T - o U~ hoow ' B
Water L T 25mm 45mm cold hot
I il T $
C e — — — -
e | U= I — 38,1 W/m? - K

(1/2250 W/m* - K) + (1/38.8 W/m* « K)

a
v

I = q _ 8524 W — 65.0m
UrD AT, 381 W/m? K (0.025m) (43.2°C) '
Comments:
T, = 60°C 1. The hot side convection coefficient controls the rate of heat transfer between
ho=02kgls the two fluids, and the low value of A, is responsible for the large value of Z.
T, € — Incorporation of heat transfer enhancement methods, such as described in Sec-
' Ter=30°C tion 8.8, could be used to decrease the size of the heat exchanger.

x 2. Because h; > h,, the tube wall temperature will follow closely that of the

coolant water. Accordingly, the assumption of uniform wall temperature, which
is inherent in the use of Table 8.2 to obtain A,, is reasonable.
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Next Lecture

O  Heat Exchanger Analysis/Design/Performance Calculation
O  Effectiveness-NTU method

Learning Objectives:
O Identify the design parameter for a heat exchanger

O Analyze the performance of a heat exchanger

18



Introduction to Heat Exchangers

A. Concentric Flow

Q@ &G

=
O
LL-
)
75
o
S
O
m

T
SRR
|

o

1)

It

4

A

C. Shell-and-Tube

Shell

Tube
|

inlet

outlet

19



Effectiveness-NTU Method

Tho,mp,ip
Q = —0n =—Cn(Thout — Thin)

e Q=0Q,=C, (Tc,out - Tc,in)
3 TC,Z yMe,leo

1 2
A7 _ _ATa— ATy 0o Mo
m =TT = AT, = m
in ( 2/ATl) in ( 2/ATl)

How do we design the heat exchanger if we do NOT know all the four temperatures ?
What about shell-tube heat exchangers where there are various flow configurations?
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