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VETRII

Lumped System Analysis

The lumped system analysis is more likely to be applicable for the body
cooled naturally since the Biot number is proportional to the convection heat
transfer coefficient, which is proportional to the air velocity. Therefore, the !

Biot nhumber is more likely to be less than 0.1 for the case of natural

convection.
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Lumped System Analysis

In heat transfer analysis, some bodies are observed to behave like a "lump"”
whose entire body temperature remains essentially uniform at all times
during a heat transfer process. The temperature of such bodies can be

taken to be a function of time only. Heat transfer analysis which utilizes this H
idealization is known as the lumped system analysis. It is applicable when

the Biot number (the ratio of conduction resistance within the body to
convection resistance at the surface of the body) is less than or equal to

0.1.
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Lumped System Analysis

In heat transfer'analysis, some bodies are observed to behave like a "lump"”
whose entire body temperature remains essentially uniform at all times
during a heat transfer process. The temperature of such bodies can be

taken to be a function of time only. Heat transfer analysis which utilizes this H
idealization is known as the lumped system analysis. It is applicable when

the Biot number (the ratio of conduction resistance within the body to
convection resistance at the surface of the body) is less than or equal to

0.1.
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CONDUCTIVE HEAT TRANSFER

3. Numerical: A plane wall 10 cm thick has a thermal conductivity of 15 W/m-K. If the
temperature difference across the wall is 100°C, the heat flux (q) is:
£=m
V

A) 150 W/m?2 T - o —h A
B) 1500 W/m?2 . Ecv
C) 15000 W/m?2 b~
D) 1.5 W/m?

A) Nusselt Number
\/B%iot Number s > ML C,Q—,‘:_ “h K LT
C) Prandtl Number = 2{? @ .

- D) Grashof Number R {3 V.C- )\
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CONDUCTIVE HEAT TRANSFER

3. Numerical: A plane wall 10 cm thick has a thermal conductivity of 15 W/m-K. If the
temperature difference across ux (q is:

A) 150 W/m2 T- T — o () .

B) 1500 W/m?2 — - m

C) 15000 W/m?2 ’r(; mt\l/ v = V | l
D) 1.5 W/m2 S~ Thans:ere (onaluction

2145 for Kumped ahatysc

4. The ratio of internal conductive resistance to extarnal convective re5|stance is known as‘./
. -~ Con
A) Nusselt Number L\ -
\/B%iot Number - ) M *( CQ ] _/L A 6Q'I\
C) Prandtl Number $‘Q 6{ t O( e
- D) Grashof Number € e
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CONDUCTIVE HEAT TRANSFER
7TAANS . eA{—

5. For unsteady-state heat conduction, the Lumped Heat Capacity analysis is valid if
the Biot number (Bi) is:

Bi < 0.1 .

l o
B) Bi > 1.0 fr <o | |
C)Bi=0 l
D) Bi > 10

=

6.Numerical: A copper sphere (k = 380 W/m-Klz of diameter 10 mm is immersed in
a fluid where h = 10W/I?nz-K. The Biot number for this system is approximately:

VA) 4.38 X 107>

B)8.76 x 10~* R4 <0'|\'/. E/(: & [ oy (o
C) 1.2 X 1072 S S
D) 2.1 x 107> o k 3 Yo X[200

™ G yx o€
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CONDUCTIVE HEAT TRANSFER

3. GATE Mechanical PYQ Pattern: The Thermocouple

Problem
Problem (Pattern: GATE 2010/2016): A thermocouple
junction, approximated as a sphere, is used to measure the l

temperature of a gas stream (Toco = 300°C). The junction is
initially at 25°C. The properties are: p = 8000 kg/m3, Cp = 400
J/kKg'K, k = 20 W/m*K. The convection coefficient is h = 400
W/m?2- K. If the junction must read 290°C within 1 second, what
is the required diameter of the junction?
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CONDUCTIVE HEAT TRANSFER

Solution:
Step 1: Use the Temperature Ratio (T - Too) / (Ti - Too) = B h
(290 - 300) / (25 - 300) = (-10) / (-275) = 0.03636 e LC

Step 2: Solve for Time Constant 0.03636 = e(-t/™) Z
In(0.03636) = -1/7* -3.314 = -1/7* = 7* = 0.3017 s V/
Step 3. Relate T to Diameter* 7* = pVC,/ (hA;) = p(D/6)C, / h g
0.3017 = [8000 x (D/6) x 400] / 400 %\ =
0.3017 = 8000 x (D/6) 19

D = (0.3017 x 6) / 8000 = 0.000226 m = 0.226 mm
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CONDUCTIVE HEAT TRANSFER

Solution: v
Step 1: Use the Temperature Ratio (T - Too) / (Ti - Too) =
(290 - 300) / (25 - 300) = (-10) / (-275) = 0.03636

Step 2: Solve for Time Constant 0.03636 = e(V/™) T"m/;i_ Gon$ +—~ . l
In(0.03636) = -1/7* -3.314 = -1/7* = 7 = 0.3017 s
Step 3. Relate T to Diameter* T = pVC,/ (hA;) = p(D/6)C, / h
0.3017 = [8000 x (D/6) x 4001/ 400

0.3017 = 8000 x (D/6)

D = (0.3017 x 6) / 8000 = 0.000226 m = 0.226 mm
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CONDUCTIVE HEAT TRANSFER

A long cylindrical bar (k = 17.4 W/m°C, a = 0.019 m2/h) of radius 80 mm

comes out of an oven at a uniform temperature ofi 830°C./It is suddenly cooled

by quenching in a large bath maintained at 40°C. < 7/

The convective heat transfer coefficient between the bar surface and the coolant

s 180 W/m2°C. ) | 1 H
Determine: S (] ‘
1.The time required for the center of the bar to reach 120°C. |

2.The surface temperature of the bar at the instant when the center

temperature is 120°C. |

3.The temperature gradlent at the outer surface at the same mstant
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o CONDUCTIVE HEA1 TRAIVSFER
Given data
e Radius:7rg = 80 mm = 0.08 m . ? ‘\, °
e Initial temperature: 7; — 830°C 7 /
e Ambient temperature: 7., = 40°C /( .7 b ] 9'! cp
e Target center temperature: 7, = 120°C L N__/
e E=17.4W/m"C
e h=180W/m’"C ,'_.
e Thermal diffusivity: -
a = 0.019m?/h = 5.28 < 10 °m? /s I‘]D T:: ?® =<
12% |.
Step 1: Biot Number Yb g'{ - O b K . _ T
Bi — h-Z:u _> 7 O. , ——C-—\N
180 < 0.08 t TI’

| < Bi= ———— ~0.83

s

= Ap———
Since B% > 0.1, Heisler charts are applicable (not lumped system). \

Step 2: Dimensionless temperature at center
. T.— T 120 — 40 80 \/
0" = T: — 7T, 830 —40 790 ~ 0.101
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CONDUCTIVE HEAT TRANSFER
Step 3: From Heisler Chart (Cylinder, centerline) .
°] _pe F°
rm 7
o Fo =~ 0.42 . g ' o l

Step 4: Time calculation F o — 0(_ (
t
Fo = a_2 L _

L

t=Fo-r3:O.42><(0.08)2 t == LZFO

« 5.28 x 106

t ~ 509 s =~ 8.5 minutes
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) CONDUCTIVE HEAT TRANSFER

Given data
e Radius:7g = 80 mm = 0.08 m
e Initial temperature: 7; = 830°C
e Ambient temperature: 7., = 40°C

4
4w30¥°

\ QAL
BH %\/

e Target center temperature: 7, = 120°C

e kE=17.4W/m"C
e h =180 W/m’>°C /_\
e Thermal diffusivity: L .

a = 0.019m?/h = 5.28 < 10 °m? /s O 0"7/3600

Step 1: Biot Number

. h4r0
Bi = A

180 < 0.08
17.4

Bi = ~ 0.83

Since BZ > 0.1, Heisler charts are applicable (not lumped system).

@

Step 2: Dimensionless temperature at center

. T.—T, 120—40 80 __
o - — _830—40_790~0'101
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) CONDUCTIVE HEAT TRANSFER

Step 3: From Heisler Chart (Cylinder, centerline)

ER,
o\“E Vo

TR
I NETRI &)
Q
43042

5

| For:
e Bi—=—0.83
e 0 =0.101
From chart:
H Fo =~ 0.42
Step 4: Time calculation
at
Fo= —
o 'rg
; Fo-r§  0.42 x (0.08)2
T a  5.28x10°°6

t ~ 509 s =~ 8.5 minutes

—
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} CONDUCTIVE HEAT TRANSFER

Given data
e Radius:7g = 80 mm = 0.08 m
e Initial temperature: 7; = 830°C
e Ambient temperature: 7., = 40°C

gy

TRI
I NETRI &0
43047

E

e Target center temperature: 7, = 120°C
e E=17.4W/m"C
e h=180W/m’°C
e Thermal diffusivity:
a = 0.019m?/h = 5.28 < 10 °m? /s

Step 1: Biot Number

. h‘Y‘()
Bi = A

180 < 0.08
17.4

Bi = ~ 0.83

Since BZ > 0.1, Heisler charts are applicable (not lumped system).

Q:

Step 2: Dimensionless temperature at center

or _ Lo—Tw _120—40 80 _ .. _

-

T, — 7., 830 — 40 790
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CONDUCTIVE HEAT TRANSFER

Step 5: Surface temperature

From Heisler Chart 2 (temperature distribution):

D= To—T,

For: S = S ’ﬂb

e Bi=0.83 T\A

« Fo=0.42 { =15 l
e Atsurface (r/ry = 1) .

|

~ 0.42 / T )

g, _ —
S 2 s= 0 (T; “Ta)
0O,
s
0, — 0.42 x 0.101 — 0.0424 . -+t —"00 .

Ts - Too + 93(111' - Too)

T, =40+ 0.0424 x 790 ~ 40 + 33.5 = 73.5°C



Step 6: Temperature gradient at surface

Using convection boundary condition:

1

I %‘2 D @ )‘fh(Ts_Tm) (j
=T

dT h
. === 11 _'120
(dr )m k( )

180

\\\_/) =~ (74— 40)

—

=%

@,

- =
-

Q

om—

=

-—
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CONDUCTIVE HEAT TRANSFER
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IR,
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Step 6: Temperature gradient at surface

Using convection boundary condition:
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CONDUCTIVE HEAT TRANSFER

=%

@,

1

7 -
H %—2 @P -%)_h(ﬂ—ﬂm)d Q- - _d_g'
=N

dT h
. === Ts_Too
(dr)m k( )

180

u =~ (74— 40)

IR,

R=hyar

— W3R :14(7}_
Q
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The cvlinder:

TRy
\E 54,
4300 g

1.0

0.7

0.5
0.4

0.3

0.2

0.1

Bi-! = Khr,

‘ 30 35
\”” NN
0 4 6 8 10121416 1820 22 24 26 23 30 40 50 60 70 80 90100 115 130 150200 300
(atir?) = Fo
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(ENGINEERING LT 1]

CONDUCTIVE HEAT TRANSFER

10. The Heisler charts are used to solve problems involving:
A) Steady-state conduction in complex geometries
B) Forced convection over cylinders

C) Transient heat conduction with Bi > 0.1 / l
D) Radiation exchange between non-grey surfaces

11. Numerical: A fin will be effective in enhancing heat transfer only if the
term

(hP/kA)l/Zis: A) Large B) Small C) Equal to 1 D) Zero
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CatCu (ate & ffectivene s§ (g) b H - X .
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/g.'?n H - %
ol =87, = §-
Find 22 2, |
A"l§~ AT-Alz_@"\) ] g
Any .
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%Zn H - X
AT: 1
/ 64:8
F“"{LM'T_D :(7_ l
An g _
‘A’,;:ATZ:@T _g
Any .
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%Zn H - X
AT: 1
/ 64:8
F“"{LM'T_D :(7_ l
An g _
‘A’,;:ATZ:@T _g
Any .
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F“"{LM'T_D :(7_ l
An g _
‘A’,;:ATZ:@T _g
Any .



