AutoTherm Heat Transfer Tools — Validation and Tutorials
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: Heat Conduction Composite Systems (Walls/Cylinders/Spheres)

K effective Parallel/Series

K effective Vias

: Conduction with Uniform Heat Generation (Walls/Cylinders/Spheres)
Fin Efficiency/Effectiveness

Heat Sink Analysis

Multidimensional Heat Transfer in Common Configurations

Lumped Capacity (Constant Ambient Temperature/ varying Ambient Temperature)
Transient Conduction (Walls, Cylinders, Spheres)

Semi-Infinite Solids

Contact of Two Semi-Infinite Solids

Flat Plate in Parallel Flow

Flow Over 3D Bodies

Flow Over Tube Banks

Internal Flow Heat Transfer

Natural Convection over Bodies

Natural Convection Vertical Channels

Heat Exchanger Epsilon/NTU Calculator

Heat Exchanger Performance Analysis Tool

Radiation View Factor Calculator



HT-01: Heat Conduction Composite Systems (Walls/Cylinders/Spheres)

This tool provides an automated interactive panel to study one-dimensional heat transfer in layered composite structures (walls, cylinder and

spheres).

Required Input:

1. Initialization
* Choose geometry type (plane wall, cylinder, or sphere)

* Provide the number of layers to be modeled in the composite structure. Input| ,
lick Initialize. This will result in modifications to input/output panels to O Penclell O Gnder - sehee
* Clic .
No. of La 3 -mmm
accommodate the number of layers and geometry type oo [ tnialze )
2. Boundary Conditions
* Choose boundary condition type (convection, fixed temperature, or Right BC (x=0) ,
specified heat flux) for the “Right” (higher coordinate value) and “Left” O Comvection " ° [wmeX ~
(lower coordinate value). o .
* For convection BC, enter value for heat transfer coefficient and ambient O FxedTemp T 4]
temperature. :
f Wm2
* For Fixed Temperature enter the value for the temperature. @l =
*  For Specified Heat Flux, enter heat flux value. AT
© Convection h 40 Wima.K v
* Choose any unit for each from options provided in Unit Combo Boxes. Tamb  -15 c v
() Fixed Temp Ts |C ~
(O Heat FLux q’s WimZ
3. Geometric Parameters
Wall: Minimum x value (Default is zero); Wall Size (Default 1m x 1m)
. . . X0 0.0000 cm “ L 100 m v|
Cylinder: Inner Radius; Cylinder Length
. 1.00 w
Sphere: Inner Radius " "
4. Thermal Contact Resistance
. . . . Thermal C Resi
Interfacial contact resistance may be applied between any layers. Film el Contact Resistance -
i ) i |Layer_1,-"Layel_?_ v Value  0.095 Cin2/W
resistance may also be applied at inner/outer surfaces. o
pply
5. Layer Details
Provide thermal conductivity and thickness for each layer. -
rs
* Choose unit for each can be set at the top of this panel. > Thichness [mm kK |[WmkK -
* Entervalues in the spreadsheet. Layer Name “Therm. Cond. T
Layer_1 0.78 |d
Layer_2 0.026 8
Layer_3 0.78




Results:

1. Layers
In this section results for each layer is presented in a spreadsheet
format. These include
* Temperature at boundaries and interfaces.
* Thermal resistance in each layer.
These results are presented using units above the spreadsheet.

2. Overall Results
These results consist of heat flux, total rate of heat transfer, total

thermal impedance, and overall heat transfer coefficient.

Layers
Xfmm ~] 7c v Rth [Cm2w
TlLeft Rth XRight  TRight
» 1423 0.005 4,000 13.93
13.93 0.385 14,000 -8.26

0.005

18.000 -8.56

q'tot

57.7065 W/m2
60.2478 w v
0.5199 Cm2/W ~
19235 [wWima2k |




b)

Example — Composite Wall:

A 0.8 m by 1.5 m glass window (thermal conductivity of 0.78 W/m.K) with a thickness of 8 mm. Assume the interior of
the room is maintained at 20 °C with natural convection heat transfer coefficient of 10 W/m?2.K, and the external
ambient at -10 °C with heat transfer coefficient of 40 W/m?2.K (which include thermal radiation effects). Determine the
steady rate of heat transfer through this window and the temperature of its inner surface for the following two
conditions:

Single pane with a thickness of 8 mm.
Double-pane consisting of two 4-mm thick glass layers separated by 10-mm thick stagnant airspace.

Solution:

Single pane
Open “Heat Conduction Composite Systems” Panel:

Heat Trasfer | Thermodynamics Numerical Methods  Help

= General Concepts
‘ Heat Conduction 4 Steady-State - 1D » | Background
J Convective Heat Transfer  » Steady-State - 2D/3D Multi-Layer Conduction
2 Thermal Radiation 4 Transient Conduction  » | Tool: Composite Wall |
Heat Exchangers 4 Effective Thermal Conductivity Concept
E L § .ﬁv&jce’d Til_Cll-Sr — :_ a te d En g Tool: K Effective Parallel/Series r

Tool: K Effective Vias

- ~ Conduction with Heat Generation
DtUdentS a nd PrOfe SS'OnaIS Tool: Wall - Uniform Heat Generation
Fins Extended Surfaces

2 p I a C e Tool: Fin Efficiency/Effectiveness/Area ﬁ

Tools: Heat Sink Analysis

wiivrrac anniatinne and tanlc

Select Plane Wall (default) and set number of layers to “1” (for Case-a) and click /nitialize.

Input _ _
© Plane Wall () Cylinder () Sphere

Mo. of Layers 1 Initialize

Set Width and Lengthto 0.8 mand 1.5 m

¥0  0.0000 cm w L 1.

in

w 08

]
o

Set values for Left BC (h=10 W/m?.K, Tamp=20 °C), and Right BC (h=40 W/m?.K, Tamp=-10 °C)

Left BC (X=0)
h 10 WimdK
0 Convection m
Tamb 20 C w
O FixedTemp  Ts C “
() Heat Flux q's Wim2
Right BC (X=L)
h 40 W/m2.K
O Convection mek
Tamb  -10 C w
) Fixed Temp  Ts C v
() Heat FLux q's Wim2

Change Layers thickness unit to mm; and for Layer 1 enter Therm. Cond=0.78 and Thickness=8
Click Update to solve. The finished form with results is shown below:



#® Heat Conduction - Composit Systems

= [m] X
I
© Plane Wall O Cylinder O Sphere /M/@
X0 0.0000 cm - L 100 m w
Mo, of Layers 1 Initialize
w o 1.00 m “
Right BC (x=0)
h 10 W/m2K
© Convection /m. Th | Contact Resi: e
Tamb 20 [rmin «|  Value  0.0000 Cm2iW T . T
0 N
Appl
O Fixed Temp T [
() Heat FLux q's Wim2 Layers
e - :
Right BC (x=L) Layer Mame Therm. Cond. Thickness ¥ T
h 40 W/m2K
© Convection Layer_1 0.78 h]_ T 1 W hZI Tm 2
s Loo b
o o :
[ ] L'L Ly L L]
O FixedTemp  Ts
,‘ Remvt” S AM---- - Rens
Obenrine 4 :
Ry Rn
Layers
qitot  221.8009 Wymz2 X|mm ~] Tc ~| Rt [cm2w v
K Left TLeft Rth X Right TRight
qot - 2218008 W~ » 218 0010 2000 -4.45
R'tet 01333 Cm2/W ~
u 73534 Wim2K -~
Show Tutorial

The heat flux is 221.8 W/m?. The total rate of heat transfer through the window is 266.2 W. The surface temperature

at the inside wall is -2.19 °C, as shown under Tiest above.

b) Double-pane

Change No. of Layers to 3 and click Initialize.

Now, enter thermal conductivity and thickness for all layers, as shown below.

Layers
s .
Layer Name Therm. Cond. Thickness
Layer_1 0,78 4
Layer_2 0.026 10
£ Layer_3 0.78 4

Click Update to solve. The finished form with results is shown below:




w® Heat Conduction - Composit Systems - [m] X

| O PlaneWall (O Cylinder () Sphere 7 /W/%
i X0 0.0000 cm - L 15 m -

1 Mo. of Layers 3 Initialize
w 08 m e
Right BC (x=0)
© Convection by 19 Wm2K - Th | Contact L e
Tamb 20 Xmin +|  Velue  0.0000 Cm2/W
| | 00000 |Cm2w | . o o7,
Appl
O Fixed Temp  Ts pply
O HeatFlux  a's Wm2 | || Layers
il :
Right BC (x=L) Layer Name Therm. Cond. Thickness Y
ho 40 W/m2.K
O Convection Layer_1 0.78 4 W hZI Tm 2
2
Tamb  -10 Layer_2 0,026 10 L
Layer 3 078 L " ¢
» ayer_. .
O FixedTemp & va\’)\\\‘*/
,,,,,,,,,,,,, R
O b 4
Rw
Layers
q'tet  57.7063 Wfm2 Xmm v T c ~| Rth [cmaw o
Tleft Rth XRight  TRight
grot  B9.2478 W~ » 0.005 4.000 13.93
Rt g1 Cot - [ veae ]
1] 1.9236 W/m2K

Show Tutorial

For this case, the heat flux is 57.7 W/m?, and the rate of heat transfer through the window is 69.24 W. The surface
temperature at the inside wall is 14.23 °C, as shown under Tiertin the first row above. Note, considerably better
performance with the double-pane window.

<<End-of-Tutorial>>




Example — Composite Cylinder:

Steam at 320 °C flows in a 5-cm diameter cast iron pipe (k=80 W/m.K) with wall thickness of 0.25 cm. The pipe is
covered with 3-cm-thick glass wool insulation (k=0.05 W/m.K). Assuming internal heat transfer coefficient of 60
W/m?2°C and external ambient at 5 °C with heat transfer coefficient of 18 W/m?°C, determine the rate of heat loss from
the pipe per unit length and temperature drops across the pipe shell and the insulation.

Solution:

Open “Heat Conduction Composite Systems” Panel:

WNumerical Methods Help

9 General Concepts
Heat Conduction 4 | Steady-State - 1D 3 | Background

_‘ Convective Heat Transfer  » Steady-State - 2D/3D Multi-Layer Conduction

= Thermal Radiation 4 Transient Conduction 4 ‘ Tool: Composite Wall ‘
Heat Exchangers 4 Effective Thermal Conductivity Concept

= B f\faj(ﬁj TS—OI-S.— — _’_ a te d En g Tool: K Effective Parallel/Series r

Tool: K Effective Vias

= - Conduction with Heat Generation
)tUdentS a nd PrOfESSIOFIaIS Tool: Wall - Uniform Heat Generation
Fins Extended Surfaces

3 p l a c e Tool: Fin Efficiency/Effectiveness/Area i

Tools: Heat Sink Analysis
T

wirrac anmnatinne and tanlc

Select Cylinder and set number of layers to “2” and click Initialize.

Input
() Plane Wall O Cylinder () Sphere

Set values for Left BC (h=60 W/m?.K, Tamb=320 °C), and Right BC (h=18 W/m?.K, Tamp=5 °C)

Left BC (X=0)

© Convection L 60 W/m2K +~

Tamb 320

() Fixed Temp Ts

() Heat FLux q's

Right BC (¥=L)

© Convection '

Tamb 3

) FixedTemp  Ts

AL LS

() Heat FLux q's

Set r0=2.5 cm and length, L=1 m (default).

0 25 cm ~| L 100 m w

Change Layers thickness unit to mm; and for Layer 1 enter Therm. Cond=0.78 and Thickness=8
Now, enter thermal conductivity and thickness for all layers, as shown below:



Layers

s

:

Layer Mame Therm, Cond. Thickness
Layer_1 a0 0.25
# Layer_2 0.05 3

Click Update to solve. The finished form with results is shown below

1B Heat Conduction - Composit Systems

The rate of heat transfer from the pipe is 120.8 W. The temperature drop across the shell is 307.18 — 307.16 =
.02 °C, and the temperature drop across the insulation is 307.16 — 23.17 = 283.59 °C.

<<End-of-Tutorial>>

() Plane Wall [+ ] Cylinder (@] Sphere
m 23 cm o L 100 m b
Mo. of Layers 2 Initialize
Left BC (X=0)
h &0 W/m2K -
© Convection /m Th | Contact Resi: e
Temb 320 < “J || [rmin «|  Value  0.0000 Cm2/wW
Appl
O Foced Temp~ Ts C - PRty
O Heat FLux q's Wim2 | ||Layers
s :
Right BC (X=L) Layer Mame Therm. Cond. Thickness
h 18 Wima.K
© Convection /m Layer_1 20 0.25
Tamb 5 c v » Layer_2 0.05
() Fixed Temp  Ts C w
() Heat FLux q's Wimz
Layers
X em T e ~|  Rth [cmaw
qr 120.7861 w  ~] Tleft Rth rRight TRight
. 3 307.18 0.000 2.750 30776
R*tot 2.6079 C.m2/W
R'tot Cm2/W -
u 0.3834 Wim2K




Example — Composite Sphere:

A stainless-steel spherical tank (k=15 W/m.K), with 3 m internal diameter and 2 cm thickness, is used to store ice water
at 0 °C. If the environment is at 22 °C, and assuming 80 W/m?°C and 16 W/m?°C for internal and external heat transfer
coefficients, determine the rate of transfer into the container.

Solution:

Open “Heat Conduction Composite Systems” Panel:

MNumerical Methods  Help
9 General Concepts

| Heat Conduction 4 | Steady-State - 1D 4 Background
i Convective Heat Transfer  » Steady-State - 2D/3D Multi-Layer Conduction
= Thermal Radiation 4 Transient Conduction 4 | Tool: Composite Wall

Heat Exchangers 4 Effective Thermal Conductivity Concept
E | ’E"‘i”(erd Tiol-sr . a te d E n g Tool: K Effective Parallel/Series r
Tool: K Effective Vias

Conduction with Heat Generation

St LI d e ntS a nd PI’Ofe SSio n al 5 Tool: Wall - Uniform Heat Generation
Fins Extended Surfaces

e p l a c e Tool: Fin Efficiency/Effectiveness/Area ﬁ

Tools: Heat Sink Analysis

wvireoac oanmiatinne and tanlc

Select Sphere and set number of layers to “1” and click Initialize.

Input
() Plane Wall (@] Cylinder (o] Sphere

Mo. of Layers 1 Initialize

Set values for Left BC (h=80 W/m?.K, Tamp=0 °C), and Right BC (h=16 W/m?.K, Tomp=22 °C)

Right BC (r=0)

a0 f
© Convection

Tamb O

() FxedTemp  Ts

) ) ?
=
=

< < <

u i

() Heat FLux qs

=
3
P
<

Right BC (r=R)

16 fi
© Convection

Tamb 22

) FixedTemp  Ts

[a) r‘w?
=3
=

< < <

u i

() Heat FLux gq's

=
3
P
<

Set r0=1.5 cm.

m 15 m o

Keep Layers thickness unit to cm; and for Layer 1 enter Therm. Cond=15 and Thickness=3

Layers
Layer Name Therm. Cond. Thickness




Click Update to solve.

The finished form with results is shown below

o Heat Conduction - Composit Systems

[Input |

() Heat FLux q's

Right BC (r=R)

h 16
© Convection

Tamb 22

(O Fixed Temp Ts

e

() Plane Wall O Cylinder (=] Sphere
0 13 m v
No. of Layers 1 Initialize
Right BC (r=0)
h 80 W/m2.K

© Convection /m2K ~ Th | Contact e

Tamb 0 C v |rmm ~ | Value  0.0000 Cm2/W ~

Appl
O FixedTemp  Ts C ~ pey
Wm2 | || Layers

:

Layer Name Therm. Cond.

Thickness

Layer_1 15

O Heat FLux q"s Wim2
Tayers
X T [c v Rt [cm2w o
ar -8320.1342 w ] rleft TLeft Rth rRight  TRight
. » 368 000005 152000 407
R'tet  po026 Cm2W -~
R'tot Cm2/W
u 3785970 Wim2K ~

Show Tutorial

The rate of heat transfer into the pipe is 8329.1W (negative sign indicated heat transfer in -r direction, or into the

sphere).

<<End-of-Tutorial>>




HT-02: K effective Parallel/Series

This tool can be used to determine “effective thermal conductivity” for composite layers (such as printed circuit boards), where a number of
“thin” planes with relatively high thermal conductivity are embedded in a background material. Two values K are provided for “in-plane”
(parallel) and thru-plane (normal). These values are commonly used to simplify numerical modeling of complex geometries consisting of

multiple layers.

Required Input:

1. |Initialization

* Choose the number of “Groups”. A group consist of a number of layers

. . . Layers
with uniform thickness. In PCBs these layers are commonly made of No. of Groups Initialize
copper, with thickness provided in oz-cu (0.00137 in) or mils (0.001 in). i P
* (Click Initialize. This will result in creation of rows for each group to define : '
layers.
2. Definition of Layers
*  Enter values for Nu. of Layers Therm. Cond. Thickness
Number of layers for each group. > 190 5
- Thermal conductivity for these layers (Choose unit from the Combo- v |3 1%
Box above).
Thickness for each layer (Choose unit from the Combo-Box above).
3. Background (Dielectric) Definition
* Enter thermal conductivity and total thickness for the background (board). LS 00% fin v
Kb 035 [wrmk
Results:
) . . Results
Values for in-plane and normal equivalent thermal conductivities are presented
In-Plane Conductivity (Kx) 39.277 |W.fm.K

in user-selected units.

Thru-Plane Conductivity (Ky)  0.389 |w/mk




Example:

Consider a 0.096-inch-thick PCB, with two 2-0z-cu layers and three 1-oz-cu layers. Determine in-plane and thru-plane
effective thermal conductivities for this board. Assume the board is made pf FR4 (k=0.35 W/m.K) and copper
conductivity is 390 W/m.K.

Solution:

Open “Effective Thermal Conductivity” Panel:

7T Enginearing Tools and Resources
Units and Dimesions  Constants _Parameters  Math  Material Properties  Governing Equations  Fluid Mechanics | Heat Trasfer | Thermodynamics  Numerical Methads  Help
General Concepts

Heat Conduction 3 Steady-State - 1D . Background
Convective Heat Transfer 3 Steady-State - 2D/3D Multi-Layer Conduction
Enginee temaraiauon . Transient Conduction  » Tool: Composite Wall

Heat Exchangers 3 Effective Thermal Conductivity Concept

Multi- D:scrohne MNMulti-1 e _ rovancearoo: Jate d E o TetKetsbve parateseries ¥

Enter “2” for No. of Groups and click Initialize.

Layers
Mo, of Groups 2 Initialize
|W,."rr1.K vl |oz-cu vl

Set values for each group (number of layers, thermal conductivity and thickness)

Mu. of Layers Therm. Cond. Thickness
2 390 2
» 3 390

Enter values for board thickness and conductivity.

th 0.096 in w

Kb 0.35 WimkK

Click Update to solve. The finished form with results is shown below

o® Effective Thermal Conductivity = [m] X
Input
Layers
No. of Groups 2 Initialize
Wim.K v| |oz-cu v|
Mu. of Layers Therm. Cond. Thickness
2 390 2
3 390
' N3, t3, k3
ty
th 0.096 in ~

Kb 0.35 W/mkK -~

Results

In-Plane Conductivity (Kx)  39.277 W/mK
Thru-Plane Conductivity (Ky) 0.389 Wimlk

The in-plane conductivity is 39.28 W/m.K and thru-plane conductivity is 0.39 W/m.K (dominated by board conductivity
for series resistance).



<<End-of-Tutorial>>



HT-03: K effective Vias
Example: Thermal vias are placed underneath an electronic component to enhance heat transfer through the PCB into
a heat sink below. Determine the effective thermal conductivity through the PCB assuming

- Viaregion: 0.65inx0.4in

- Viainside diameter: 0.3 mm

- Barrel wall thickness = 1 oz-copper
- Viaspacing 1 mm.

Solution:

Open “Effective Conductivity - Vias” Panel:

£ Enginaaring Tools and Resources
Units and Dimesions  Constants Parameters  Math  Material Properties  Governing Equations  Fluid Mechanics | Heat Trasfer | Thermodynamics  Numerical Methods — Help
General I Concepts

| Heat Conduction k] Steady-State - 1D v Background
. Convective Heat Transfer  » Steady-State - 2D/3D Multi-Layer Conduction
En g’n e€ Thermal Radiation . Transient Conduction  » Tool: Composite Wall

Heat Exchangers . Effective Thermal Conductivity Concept

Multi-Discinline / Multi-1 € _ ~»vrceo: Dated Fna Toot: K Effective Parailel/Series ¥

Choose Via Spacing option and enter the following parameters:
Via Inner Diameter = 0.3 mm

Via Wall Thickness = 1 oz-cu

Via Conductivity (Kv) = 395 W/m.K (Default)

Filler Conductivity (Kf) = 0.03 W/m.K (Default)

Back Conductivity (Kb) = 0.35 W/m.K (Default)

L =0.65in

W=0.4in

Click Update to solve. The finished form with results is shown below

{ »® Effective Conductivity - Vias — O X
i
Input () Number of Vias 160
'y
- ©00000
, , k, D, —Via
Vias Inner Diameter 0.3 mm v !
Vias Wall Thickness 1 0Z-cU v o o o o o 0
k; D; — Filler
Vias Conductivity (Kv) 395 WimK o o o o o = ¥
w -
Filler Conductivity (Kf) 0.03 Wim.E
— O O O OO O | _feckarownd
Back Conductivity (Kb 0.35 WimLE
n ] O000O0O0
w04 in ~ y
Results N L
Keff 14,107 Wim.K

e

The calculated thru-board conductivity is 14.107 W/m.K. Note that this analysis assumes unfilled vias (air conductivity
of 0.03 W/m.K is used by default).



<<End-of-Tutorial>>



HT-04: Conduction with Uniform Heat Generation (Walls/Cylinders/Spheres)
Example: Composite wall with Heat Generation: [Source: Bergman-Lavine Example 3.7]

A plane wall of material A has uniform heat generation 1.50 MW/m3, ka = 75 W/m - K, and thickness La = 50 mm. The
outer surface of the wall (larger x value) is cooled by a water stream with a temperature of 30 °C and heat transfer
coefficient of 1000 W/m2.K. Determine the inner wall temperature for the following three scenarios.
T
a) The inner surface is exposed to air at 30 °C with heat transfer coefficient

of 250 W/m2.K
b) The Inner surface is insulated.

I
I I T.=30C
—lr h = 1000 Wim*K

i

@ i i Water

i
(. ||
1
Insulation —= {

= 1.5 10° Wim®— ==
c) The inner surface is insulated, and the outer surface is attached to ky =75 Wim=K :
another wall with material B that has no generation with kg = 150 W/m - {
]

C and thick L 20 : kg = 150 Wim-K
and thickness Ly = mm. t'ﬂn:m mm ] gg=0
) B~
. 20 mm
Solution:
a) Open “Solids with Uniform Heat Generation” Panel:
Heat Trasfer | Thermodynamics Numerical Methods Help
General Concepts
| Heat Conduction »|[ steady-State - 1D »|  Background
Convective Heat Transfer  » Steady-State - 2D/3D  » Multi-Layer Conduction
Thermal Radiation L4 Transient Conduction 3 Tool: Composite Wall
Heat Exchangers L4 Effective Thermal Conductivity Concept
Advanced Tools vl Tool: K Effective Parallel/Series

Tool: K Effective Vias
Conduction with Heat Generation
Tool: Wall - Uniform Heat Generation
Fins Extended Surfaces
Tool: Fin Efficiency/Effectiveness/Area
Tools: Heat Sink Analysis

Enter input data

Geometric Parameters:

Geometry.‘ Pfane WGH |Iﬂ_"—ﬂL © Plane Wall O Cylinder O Sphere
Heat Generation: Note can select 1.5 MW/m3, or 1.50E+06 W/m3 # HeatGenention (q") 15 MW/m3 |
Thermal Conductivity (K) 75
Wall Thickness and Area: Note half thickness must be entered. ———> L[5 |mm asfi w2 o]
Surface area 1.0 m2 is assumed since the value is not given.

Left side (x=-L) Boundary Conditions: Léft Sie Bollndaty Condetion
(O Uniform Heat Flux at x=-L
Ts1 |1C
Select Convective BC. ————» © Prescribed Transport Coefficient and Ambient Temperature at x=-L
Enter the value for convection coefficient on the left side. ————— U1 20 |W/m2.K
Enter the value for the ambient temperature on the left side. —————>Tamb1 ¥ c
() Uniform Heat Flux at x=-L
q's |W/m2
Right side (x=L) Boundary Conditions: Right Side Boundary Condition
(O Uniform Heat Flux at x=L
™2 115 c
Select Convective BC. ———— © Prescribed Transport Coefficient and Ambient Temperature at x=L
Enter the value for convection coefficient on the right side. ————T——*u2 1000 |wm2K
Enter the value for the ambient temperature on the right side. ————— Tamb2 30 C
() Uniform Heat Flux at x=L
q's |W/m2




Results

Click Update to solve.

Plot of temperature distribution through the slab is
provided.

Left-side (x=-L) and Right-Side (x=L) temperatures
are shown.

The user can select the units for temperature and
length for the plot are from unit boxes at the top.
Specified Location section allows the user to access
local values.

Heat flux and heat rate values for this problem are

identical because surface area is set to 1 m2.

b) The Inner surface is insulated

The Only change to be made is to make the left side insulated. This can
be done by assigning a value of zero for the overall hea transfer

coefficient U1.

Results
Click Update to solve.
Plot of temperature distribution through the slab

indicates insulated BC on the left face and updated
temperature and heat flux values.

Results | E— ﬁ_ -

P72 ) T U T T T ) 1Y, Y

X {mm)

TL 10059 TR 87.35

Specified Location

X |0.00

T |1oo.22 | |c o

[ [ -]

q"(x) |19352,941 | |mez v

qiy)  [19852.941 |w v

Left Side Boundary Condition
() Uniform Heat Flux at x=-L

Ts1 C v

© Prescribed Transport Coefficient and Ambient Temperature at x=-L
uoo [wimaKk

Tambl 30 c ~

(O Uniform Heat Flux at x=-L

q's |W;’m2 v
Results |mm " :\C o
sz_
m‘m-.

/

3
il

.
e

r |
-26.00 1350 200 as0 2100 25
X {mem)

TL 130.00 TR 105.00

Specified Location

T [12375 c -

') [37500.000 | [wimz2

w [ Jw

X [0 |mmv|




c) The inner surface is insulated, and the outer surface is attached to
another wall with material B that has no generation with kg = 150 W/m
- K and thickness Ly = 20 mm.

The Only change to be made is to the right-side Boundary by adjusting U2 to account for the additional conductive layer of material B.

This can be done by calculating the total thermal resistance on the right side of the heat generating section by using
* The composite wall tool (this method will be demonstrated on another example using a composite cylinder.

* (Calculating the thermal resistance.

Right Side Boundary Condition

=0.00113333 K. mz/W () Uniform Heat Flux at x=L

T2 115 e~

© Prescribed Transport Coefficient and Ambient Temperature at x=L

gr L 1 002m 1
the = o + h, 150 W/(m.K) + 1000 W/(m2.K)
1
U2 = = = 882.353 W/(m2.K
27 R, 000113333 /(m2.K)
Results

Click Update to solve.

Plot of temperature distribution through the slab
indicates insulated BC on the left face and updated
temperature and heat flux values.

> U2 332353 W/m2K
Tamb2 30 e~

O Uniform Heat Flux at x=L

q's |W,'r ml v
Results mm o~ —|C »
4375
- =

£

LKy
e x\\
2078} .
-26.00 1350 200 250 21.00 260
X {mm)
TL 14000 TR 11500
Specified Location
Teg [13375 [
. — < -

Q' [37500.000 [w/m2
0 [rom W

q




Example: Water-Cooled Fuel Rod [Source: Cengel-Ghagar Problem 2.104]

A cylindrical fuel rod (k = 30 W/m.K) 2 cm in diameter is encased in a concentric tube and cooled by water. The fuel rod
generates heat uniformly at a rate of 100 MW/m3, and the average temperature of the cooling water is 75C with a

convection heat transfer coefficient of 2500 W/m2.K. The operating pressure of the cooling water is such that the

surface temperature of the fuel rod must be kept below 200°C to prevent the cooling water from reaching the critical
heat flux (CHF). The critical heat flux is a thermal limit at which a boiling crisis can occur that causes overheating on the
fuel rod surface and leads to damage. Determine the variation of temperature in the fuel rod and the temperature of

the fuel rod surface. Is the surface of the fuel rod adequately cooled?

Solution:
T(r,) _\
éyen = 100 MW/m’
/
—_— / T
— Cooling water Fuel rod ——/ D=2cm
Open “Heat Generation in a Solid” Panel 2500 W/m?K, 75°C
Heat Trasfer | Thermodynamics Numerical Methods  Help
General Concepts F
| Heat Conduction > Steady-State - 1D » Background

Convective Heat Transfer  » Steady-State - 2D/3D  » Multi-Layer Conduction

Thermal Radiation » Transient Conduction  » Tool: Composite Wall

Heat Exchangers ) Effective Thermal Conductivity Concept

Advanced Tools ’ Tool: K Effective Parallel/Series
Tool: K Effective Vias

Conduction with Heat Generation
[ Tool: Heat Generation in a Solid
Fins Extended Surfaces
Tool: Fin Efficiency/Effectiveness/Area
Tools: Heat Sink Analysis
Enter input data
Geometric Parameters:
Geometry: Cylinder and select “Filled” option oput] O plaewiall 5 © Cylinder ) Sphere

Heat Generation: Enter 100 and change unit to MW,/m3
Enter thermal conductivity 30 W/m.K

Radius: Enter 1 cm (diameter is given as 2 cm).
Length 1.0 m is assumed since the value is not given.

. P .
e Heat ion (g") 100 |MWm3

- |

Hollow C)Thermal Conductivity (K) 30 fmK

—_ cm L 1.0 m
]l ol




Left side (r=r1) Boundary Conditions:

This panel is disabled since we have a solid (filled) cylinder.

Right side (r=r2) Boundary Conditions:

Results

Click Update to solve.

\

Enter the value for convection coefficient on the right side.
Enter the value for the ambient temperature on the right side.

Plot of temperature distribution through the slab is

Left-side (centerline) and Right-Side (r=1 cm)
temperatures are shown.

The user can select the units for temperature and
length for the plot are from unit boxes at the top.

The surface temperature of 275 °C is 75°C higher than
the temperature necessary to prevent the cooling
water from reaching the CHF. So, the fuel rod is not
adequately cooled.

The center of the rod is at 358.3 °C.

Specified Location section allows the user to access
local values. Here r=1 cm points to the rod surface.
The surface heat flux is 500,000 W/m2. And the total Ry 35333

heat is calculated to be 31,415.9 W for a 1-mete-long
section of the rod.

Select Convective BC.

Left Side Boundary Condition

Uniform Heat Flux at r=r1
Ts1 B

Prescribed Transport Coefficient and Ambient Ternperature at r=r1

u1 W/m2K

Tamb1 (=
Uniform Heat Flux at r=r1

q's W/m2

Right Side Boundary Condition
() Specified Temperaturex at r=r2
Ts2 e~

b O Prescribed Transport Coefficient and Ambient Temperature at r=r2

_—_— 2500 Wim2K
—_ Tamb2 73 C w

() Uniform Heat Flux at r=r2

q's |W,-‘m2 v
Results |ﬂ m
3ros3
167 ""-.,-'q
o B ‘H-‘\\
m..n- !
zu.ﬂ: ‘.\'\.\
[ 023 048 069 (1] 116
R {em)
TR 275.00
Specified Location
T() |2?5.00 ||c y
r (1.0 |cm v|
q'6d  [500000000 | [W/m2 -
w s




Example: Water-Cooled Fuel Rod [Source: Cengel-Ghagar Problem 2.104 - Modified]

Repeat the above example with added inner cooling channel of 2 cm, cooling water at 75 °C with a convection heat
transfer coefficient of 2500 W/mZ2.K. Assume the fuel rod has an inner radius of 1 cm and the outer radius determined
to keep the total volume (and therefore, heat dissipation) unchanged. Assume the external surface of the rod is
exposed to an identical convective environment.

Solution:

8en = 100 MW /m?

. . . Heat Trasf Thermodynamics Numerical Methods Hel
Open “Heat Generation in a Solid” Panel: | raster | Thermodynamics _ Numerica P
General Concepts

Heat Exchangers
Advanced Tools

Effective Thermal Conductivity Concept
Tool: K Effective Parallel/Series
Tool: K Effective Vias

Conduction with Heat Generation

[ Tool: Heat Generation in a Solid

Fins Extended Surfaces
Tool: Fin Efficiency/Effectiveness/Area
Tools: Heat Sink Analysis

| Heat Conduction » | Steady-State - 1D » | Background
Convective Heat Transfer  » Steady-State - 2D/3D  » Multi-Layer Conduction
Thermal Radiation 4 Transient Conduction 4 Tool: Composite Wall
»
»

To determine the outer diameter of the hollow fuel rod, we set the volume equal to the volume of the solid rod.

mril=n(@? —rPHL 12 =12 +ri >y r2 417

rn=1lcmr=1cm =) 1,=+2=141421356cm

Enter input data

Geometric Parameters:

Geometry: Cylinder and select “Hollow” option [nput] ) piane wal » O Cylinder O Sphere
Heat Generation: Enter 100 and change unit to MW/m3 Fieg (5 Heat Genenation (q") 100 [MW/m3 |
Enter thermal conductivity 30 W/m.K Hollow © Thermal Conductivity () 30 Wmk |
Radius: Enter ri=1cm; 1, = V2 = 141421356 cm ———»+i o ]fem Lo fm ]




Left side (r=r1) Boundary Conditions:

Select Convective BC. ——
Enter the value for convection coefficient on the inner surface. ——

Enter the value for the ambient temperature on the inner surface. ——

Left Side Boundary Condition
() Specified Temnperaturex at r=r1

Ts1 C

» © Prescribed Transport Coefficient and Ambient Temperature at r=r1
—— Ul 2500 [W/m2K

% Tambl 1} c

() Uniform Heat Flux at r=r1

q's |W,-’m2 v

Right side (r=r2) Boundary Conditions:

Right Side Boundary Condition
(O Specified Temperaturex at r=r2

Ts2 e~
Select Convective BC. p © Prescribed Transport Coefficient and Ambient Terperature at r=r2
Enter the value for convection coefficient on the outer surface,. ————* Y2 200 Wm2K  ~
Enter the value for the ambient temperature on the outer surface. ——————— Tmb2 75 c o~

Results

() Uniform Heat Flux at r=r2
q's |W,"m2 .

Click Update to solve.

16629

1. Plot of temperature distribution through the slab is C

provided. 16448 el e
2. Left-side [centerline) and Right-Side (r=1 cm) i if ‘\\

temperatures are shown. el ‘J'
3. The user can select the units for temperature and e E f \

length for the plot are from unit boxes at the top. —
4. The surface temperature of 158.57 °C and 157.26 °C C \

are well below 200 °C. So, the fuel rod is adeguately 5 h

158.07

cooled. -
5. Specified Location section allows the user to access C

local values. Here r=1.2 em points to the max o o e o — 143

temperature in the rod. R}
6. The temperature at this location is 165.10 °C, heat

fluxis 8,027.9 W/m2. And the total heat is calculated 1557 R 1°720

to be 680.6 W for a 1-mete-long section of the rod.

Specified Location
i) |165.IU | |c .y
r (1.2 | cm v|
't [9027.142 | [w/m2

N |




Example: Electrical Resistance wire with Insulation [Source: Cengel-Ghagar Problem 2.105 - Modified]

A long electrical resistance wire of radius r1 = 0.2 cm has a thermal conductivity kw= 15 W/m.K. Heat is generated
uniformly in the wire as a result of resistance heating at a constant rate of 1.2 W/cm?3. The wire is covered with

polyethylene insulation with a thickness of 0.5 cm and thermal conductivity of kins = 0.4 W/m.K. The outer surface of
gs at 20 °C. The combined convection and

the insulation is subjected to convection and radiation with the surroundin

radiation heat transfer coefficients is 7 W/m?2.K. Determine the temperature at the interface of the wire and the

insulation and the temperature at the center of the wire. The ASTM D1351
polyethylene insulation is suitable for use on electrical wire with operation
conditions, does the polyethylene insulation for the wire meet the ASTM D

Solution:

Interface

Polyethylene

Open “Heat Generation in a Solid” Panel:

standard specifies that thermoplastic

at temperatures up to 75C. Under these

1351 standard?

Heat Trasfer | Thermodynamics  Numerical Methods ~ Help

General Concepts [

Heat Conduction » l Steady-State - 1D 4 \ Background
Convective Heat Transfer  » Steady-State - 2D/3D  » Multi-Layer Conduction
Thermal Radiation 4 Transient Conduction » Tool: Composite Wall
Heat Exchangers L4 Effective Thermal Conductivity Concept
Advanced Tools 4 Tool: K Effective Parallel/Series
A J Tool: K Effective Vias
‘ Conduction with Heat Generation
[ Tool: Heat Generation in a Solid

Enter input data

Geometric Parameters:

Bl Fins Extended Surfaces
Tool: Fin Efficiency/Effectiveness/Area
Tools: Heat Sink Analysis

Geometry: Cylinder, Filled Heat Generation: 1.2 W/cm®
A
[Input | () Plang Wall © Cylinder /C(Sphere
Filled © Heat Generation (g"") 1.2 ‘W/cmS v k=15 W/m.k
Hollow (O Thermal Conductivity (K) 15 [W/mK |4
Radius:0.2cm —— > ¢ [02 | Lo m o]« Length=1.0m
Left side (r=r1) Boundary Conditions: Left Side Boundary Condition

This panel is disabled since we have a solid (filled) cylinder.

Specified Temperaturex at r=r1
Ts1 C
Prescribed Transport Coefficient and Ambient Temperature at r=r1

U1 W/m2.K

Tamb1 C

Uniform Heat Flux at r=r1

q's W/m2




Right side (r=r2) Boundary Conditions:

The external surface of the wire is exposed to the ambient air through an intervening Polyethylene layer. Therefore, the
transport coefficient U, must account for both convective and conductive effects. The overall heat transfer coefficient can be

found by first calculating the total thermal resistance for the combined system and then determining the UA and U2:

1¥3
in (7'1) 1

UA
R = =) [JA= _— [, = —
the = 2Lk = (2mr,L)h, R 27 (2nnl)
Alternatively, the Composite Solid tool may be used to evaluate U, automatically.
. . ) Plane Wall @ Cylind () Spher
Select Cylinder option. " - : 0 02 e | L 100 m
P Mo. of Layers 1 Initialize —_—
Set No. of Layer to “1
Click Initialize to set the form. e T
() Convection i Thermal Contact Resistance
Tamb €] i ~] Vale  0.0000 CmaW
Set r0 to 0.2 cm i e
In the Layers table set the thermal conductivity to 0.4 O FiedTemp  Ts 30 :
. o - Layers
W/m_K and thickness to 0.5 cm. O HeatFlx 95 [wimz | |[Ley — .
In the left BC panel: set Ts to any temperature (30 °C). S {m_m B wimax -] Leyer Name Therm. Cend. Thickness
Note that the value of temperature does not matter e T  ——— -
since we are only interested in Ry, calculations.
) Fixed Temp  Ts
In the right BC panel: set h to 7 W/mZ2.K and T, to 30 O HeatFix 95
°C.
Layers

Click Update to solve. Xlem | 1c V| Rth [cmaw

ar 26801 |w v| rLeft Tleft Rth r Right T Right
The UA value is calculated to be 0.2669 C/W Riot 37465 v - R 3000 0498 0.700 2067
The U_Rmin value of 21.24 W/mZ2.K is the value we T e |
need for the analysis; it is the U value using the radius
of 0.2 cm. U_Rmin 21.2404 W/m2K

U_Rmax 6.0687 Wim2K

Now, we get back to “Heat Generation in a Solid” and enter the calculated vale of U2 in the Right-Side BC Panel.

Right Side Boundary Condition
() Specified Temperaturex at r=r2
Ts2 C v

Select Convective BC.

Enter the value for convection coefficient on the outer surface. — 2

21.2404

O Prescribed Transport Coefficient and Ambient Temperature at r=r2

Wim2K

—  Tamb2 20

=

Enter the value for the ambient temperature on the outer surface.

() Uniform Heat Flux at r=r2
a's

Wim2 ~




Results

Click Update to solve.

1. Plot of temperature distribution through the slab is
provided.

2. Left-side (centerline) and Right-Side (r=1 cm)
temperatures are shown.

3. The user can select the units for temperature and
length for the plot are from unit boxes at the top.

4. The surface temperature of 76.5 °Cis 1.5 °C higher
than the specification of the ASTM D1351 standard
for polyethylene insulation.

5. There is very little temperature rise in the wire, as the
center temperature is less than 0.1 °C higher than the
interface temperature.

o

N
E om n:\ o

R {cm)

TR 76.50

Specified Location

N

Q' [0.000 | [wrm2

O e —




Example:

Consider a homogeneous spherical piece of radioactive material of radius ro = 0.04 m that is generating heat at a
constant rate of egen = 4 x 107 W/m3. The heat generated is dissipated to the environment steadily. The outer surface of
the sphere is maintained at a uniform temperature of 80C, and the thermal conductivity of the sphere is k = 15 W/m.K.
Assuming steady one-dimensional heat transfer, determine the temperature at the center of the sphere.

Solution:

Open “Heat Generation in a Solid” Panel: Heat Trasfer | Thermodynamics Numerical Methods Help

General Concepts
| Heat Conduction » Steady-State - 1D > | Background
Convective Heat Transfer  » Steady-State - 2D/3D  » Multi-Layer Conduction
Thermal Radiation » Transient Conduction » Tool: Composite Wall
Heat Exchangers ’ Effective Thermal Conductivity Concept
Advanced Tools > Tool: K Effective Parallel/Series
A J Tool: K Effective Vias
Conduction with Heat Generation
] Tool: Heat Generation in a Solid
) Fins Extended Surfaces
Enter input data E: Tool: Fin Efficiency/Effectiveness/Area
: Tools: Heat Sink Analysis
Geometric Parameters:
Geometry: Sphere and select “Filled” option — PlsneWalk 2 Cyling > O Sphere
Heat Generation: Enter 4 X 107 W/m3 = Meat Generation (q"")  4.0E+07 [Wim3 |
Enter thermal conductivity 15 W/m.K Hollow O Thermal Conductivity () 15 [Wmk |

Radius: Enter 0.04 m. ———— i'm

Length 1.0 m is assumed since the value is not given.

Left side (r=r1) Boundary Conditions: : _
Left Side Boundary Condition

Specified Temperaturex at r=r1

This panel is disabled since we have a solid (filled) cylinder.
Ts1 C

Prescribed Transport Coefficient and Ambient Temperature at r=r1

U W/ma.K

Tamb1 C

Uniform Heat Flux at r=r1

q's W/m2

Right side (r=r2) Boundary Conditions:

Right Side Boundary Condition
Select Specified Temperature. ——— © Specified Temperaturex at r=r2

—_ & T v
Enter 80 °C. 2 & _____c
() Prescribed Transport Coefficient and Ambient Ternperature at r=r2

u2 WimaK
Tamb2 C w

(O Uniform Heat Flux at r=r2
q's |me2 ~




Results

Click Update to solve.

1. Plot of temperature distribution through the slab is
provided.

2. Left-side (center) and Right-Side (r=4 cm)
temperatures are shown.

3. The user can select the units for temperature and
length for the plot are from unit boxes at the top.

4. The temperature at the center of the sphere is
calculated to be 791.1 °C.

5. The surface heat flux is 533,333.3 W/m2 and the
total heat is calculated to be 10,723.3 W.

=7 T
; e 9
e "-.'-q
sms7)- \“"-
o B \
wrnf iﬁ\
24356 <
oo 0 184 276 168 480
R {cm)
TL 79111 TR 20.00
Specified Location
r |4 |cm v| ‘:
q"(x) |533333.333 ||w;mz "y
qid  [10723.303 [w w




HT-05: Fin Efficiency/Effectiveness

Example: A heat sink utilizes aluminum 2024-T6 (k = 186 W/m - K) pin fins of parabolic profile with blunt tips. Each fin
has a length of 20 mm and a base diameter of 5 mm. If the fins are in an environment with heat transfer coefficient of

20 W/m2 - K, determine the efficiency and effectiveness for each fin.

Solution:

Open “Fin Efficiency” Panel:

ET7 Engineering Tools and Resources

Units and Dimesions  Constants Parameters Math Material Properties  Governing Equations  Fluid Mechanics

General Concepts

Heat Trasfer | Thermodynamics  Numerical Methods  Help

E Tﬁ\. Enginee1

Multi-Discipline / Multi-Le

Heat Conduction » || Steady-State - 1D > ‘
Convective Heat Transfer  » Steady-State - 2D/3D
Thermal Radiation > Transient Conduction  »
Heat Exchangers >

Advanced Tools > a te d En g

Background
Multi-Layer Conduction
Tool: Composite Wall
Effective Thermal Conductivity Concept
Tool: K Effective Parallel/Series
Tool: K Effective Vias
Conduction with Heat Generation
Tool: Wall - Uniform Heat Generation
Fins Extended Surfaces

‘ = Ultimate Productivity Toolkit For Students and Professionals

® Evervthing nicely organized in one

place

Choose f) Cone with blunt tip from the fin type combo list

Enter the following parameters:
k =186 W/m.K

h=20W/m2 - K

L =20 mm

D=5 mm

Click Update to solve. The finished form with results is shown below

Tool: Fin Efficiency/Effectiveness/Area



'® Fin Efficiency

f} Cone with blunt tip v|
k 186 Wimk
h 20 Wim2K -~
Fin Dimensions
L 20 mm
D 5 mm .
S 2.11E-04 me2
Base Area 1.96E-05 m2
Fin Valume 5.30E-04 ma3 -
Fin Efficiency  0.9668
Fin Effectiveness 10,3703
[ Update ]

The fin efficiency is 96.67% and the effectiveness is calculated to be 10.37.

— (|
Straight Fins Pin Fins
n
e
L—
e) Cone
y = (201 = afL
J
T — ¥ = (DV2) (1 = L
i - ;
! . f"l ol 5 29
Al /‘:,;—_J L—
d .
¢) Parabolic f] Cone with blunt tip
Annular Fin
! Constant Cross-Section Fin
N - '
i .-
Il of=r, T
I =
g) Circular h) Insulated tip
Show Tutorial




HT-06: Heat Sink Analysis
Example — THERMOELECTRIC HEAT SINK [Source: Nellis & Klein Example 1.6-2]

Heat rejection from a thermoelectric cooling device is accomplished using a 10 x 10 array of 1.5 mm diameter pin fins
that are 15 mm long. The fins are attached to a square base plate that is 3 cm on each side and 2 mm thick, as shown
below. The conductivity of the fin material is 70W/m-K and the thermal conductivity of the base material is 25W/m-K.
There is a contact resistance of 1x10-4 m2-K/W at the interface between the base of the fins and the base plate. The
hot end of the thermoelectric cooler is at 30°C and the surrounding air temperature is 20°C. The average heat transfer
coefficient between the air and the surface of the heat sink is h = 50 W/m2-K.

a) What is the total thermal resistance between the hot end of the thermoelectric cooler and the air?
b) What is the rate of heat rejection that can be accomplished under these conditions?

Solution:

7. =20°C, 1 =50 W/m'-K

Heat Trasfer | Thermodynamics Numerical Methods Help

{

General Concepts I
Heat Conduction “ Steady-State - 1D >
Convective Heat Transfer Steady-State - 2D/3D  »
( Thermal Radiation Transient Conduction »
Heat Exchangers
Advanced Tools

10x10 array of fins

> <D =15mm
k,, =70 Wm-K 2

J Background
Multi-Layer Conduction
Tool: Composite Wall
Effective Thermal Conductivity Concept
i Tool: K Effective Parallel/Series th,=2.0 mm —L
Tool: K Effective Vias
Conduction with Heat Generation r
Tool: Heat Generation in a Solid
Fins Extended Surfaces

L, =15mm

vy v v v |-

X k,=25 W/m-K
W,=3.0 cm

Thot =30°C

Tool: Fin Efficiency/Effectiveness/Area P s m2K
Tools: Heat Sink Analysis Ro=1x10" =g
Enter input data
d) Circular
Heat Sink Input
>
R lar Heat Sink Circular Heat Sink
© Rectangular Heat Sin| () Circular Heat Sin k ?0 WimK
Base Plate Length (L) 3 |
— h 50 Wim2K
Baze Plate Width (w) 3 cm v |
Base Plate Thickness () 2 o <  — 4-The Fin Tool will Automatically
close, and the results will be
1-Heat Sink Input L AT T e Wimk L 15 mm | entered into the Fin Details
Contact base-source (R"c,b) 0.00 Cm2W | D 15 mm | section.
MNumber of Fins (Nfin) 100
Fin Details
Contact Base-Fin (R"cfin) 0.0001 Cm2/W ~ ‘ Fin surface area  7.07E-05 m"2
Fin base area 1.77E-06 maa
Avg Heat Tran Coeff (h) 50 W/m2.K v|
Fin Efficiency 0.8780
Ambient Temp. (Tamb) 20 C v | Fin Area 2
e | m Use Fin Tool
Fin Details Base Area | mn2
Fin surface area mh2 |
e Fin Volume | mh3
Fin base area m*2 |
Fin Efficiency
Fin Efficiency
Fin Effectiveness |
Use Fin Tool

Update

2-Click “Use Fin Tool” to open the Fin Tool
and get fin properties.

3-Choose circular fin and enter fin's
thermal and geometric data.
Click on Update..




o8 frmHeatFink

Heat Sink Input

© Rectangular Heat Sink
Base Plate Length (1) 3

() Circular Heat Sink

1

Ryin =
o NyimhAs pin

1

Runﬂnu = E(A,

3
Romes = ot

Ry, Regin

I resis ~ unfinned section)
"Nlln‘um)

(contact resistances — baseplate, fin)

Aspin = Fin totol surfoce area

Aczin = Fin cross-section area

A, =Baseplate Area

Base Plate Width (w) 3 m
Base Plate Thickness () 2 [mm |
Base Pltate Conductivity (kb) 25 W/mK
Contact base-source (R"c,b) 0.00 Cmd/W v ]
Number of Fins (Nfin) 100
Contact Base-Fin (R"¢.fin) 0.0001 Cm2/W «
Avg Heat Tran Coeff (h) 50 [wim2K | % ’-;%
Ambient Temp. (Tamb) 20 [c o
= Rep Reond,b
Fin surface area  7.07E-05 [mr2 ] Thot
Fin base area 1.77€-06 mt2
fin Efficiency  0.8780 T
Runfinned
Use Fin Tool
Results
Total Thermal Resistance (Rtot) 341980 [Cm2/W ~|  © Source Temperature (Thot) 30 [c ]
Overall Surface Efficiency (7o) 0229 O Heat Transfer Rate (Qs) 2.004 w

Update

Show Tutorial

5-Entrer 30 °C for Source Temperature and Click Update |

| 6-The results are displayed as shown in completed form above.

Note: The above results are identical to those in Nellis-Klein as obtained using EES program.




HT-07: Multidimensional Heat Transfer in Common Configurations

Example: Hot water at 53 °C flows through a 5-m long section of a thin-walled hot water pipe at an average velocity of
5 m/s. The pipe passes through the center of a 14-cm thick wall filled with fiberglass (k = 0.035 W/m - K) insulation.
Assuming the surfaces of the wall are at 18 °C, determine a) the rate of heat transfer from the pipe to the air in the
rooms and b) the temperature drop of the hot water as it flows through the pipe are to be determined.

Solution:

Open “Common Configuration/Shape Factor” Panel:

General Concepts

Heat Trasfer | Thermodynamics MNumerical Methods Help

‘ Heat Conduction

|

Convective Heat Transfer
f Thermal Radiation
Heat Exchangers

Advanced Tools

Steady-5State - 1D

2

Steady-5State - 20/3D

r ‘ Background

Transient Conduction S

Commaon Configurations

| Tool: 2D Common Configurations

— W -~ o~

Choose configuration d) from the Shape Factors combo list

ARy ]
WA DR ]
= Ty osesis z]
@ O By
DRI
“T,
d) Parallel isothermal cylinder in mid-plane of wall

Enter input in given units:

Dimensions
D 2.5 oo
L 5 m A
Z 7 cm R
Thermal Input
ke 0.035 WimkK
T 53 C v
T2 18 C v

Ty =53°€C
T; =18
D=25cm
L=5m

z=T7cm

a) Click Update to the rate of heat transfer from the pipe to the air in the rooms.



Results
5 15.993 m v
Rth 1736 KW o
Q12 |1 5,592 | |w “ |
[ Update l

The results (shown above) indicate the heat loss from the pipe is 19.6 W.

b) to calculate the temperature drop, we will perform an energy balance on the pipe:
Q =me ,AT
0 0 0 19.6 1/
AT= % __¥ __ X >

e e . 0.025 2
» P 7 (1000 kg/m>)(0.4 m-’s]{w](ﬁl 180 J/ke. °C)

= 0.024°C

<<End-of-Tutorial>>



HT-08: Lumped Capacity (Constant Ambient Temperature/ Varying Ambient Temperature)
Example — Thermal Response of Thermocouple [Source: Bergman-Lavine Example 5.1]

A thermocouple junction, which may be approximated as a sphere, is to be used for temperature measurement in a
gas stream. The convection coefficient between the junction surface and the gas is h = 400 W/m2.K, and the
junction thermophysical properties are k = 20 W/m.K, c = 400 J/kg.K, and p = 8500 kg/m3. Assuming the junction
diameter of the thermocouple to be 0.8 mm and initial temperature, Ti=25 °C.

a) temperature versus time for eight seconds.
b) Determine the junction temperature at time t=1s.
c) Determine how long it will take for the junction to reach 198 °C.

Solution:
'-\\Leads
Heat Trasfer | Fluid Mechanics Thermodynamics Numerical Methods Help ey
5 General Concepts I T = 200°C
| Heat Conduction »|  Steady-State - 1D ' It = 400 Wim?K - Thermocouple }" = 20 Wim-K
" S junction ¢ =400 JkgK
Convective Heat Transfer  » Steady-State - 2D/3D  » —_— | T =25C ) p=8500 kg/m*
- = — .
Thermal Radiation L4 I Transient Conduction  » | Lumped Capacitance Method
- Gas stream D=
Heat Exchangers ’ | Tool: Lumped Capacitance
Advanced Tools L Spatial Variation
. Tool: Spatial Variation
Enter input data
1. Click on “Choose 3D Shape” button to open the 3D shape panel area and volume calculation.
Geometric Parameters Choose 3D Shape Input Geometric Parameters Choose 3D Shape
Area mh2 " |f—SoIid Sphere . - @ Area 2,0106e-06 ma2 -
Volume mr Volume 2 5808¢-10 mA3
@ 0.4 mm -
0
2. Choose option “f” for Solid Sphere and Material
i Library Aluminum_Pure
enter the radius. o) =
3. Click update to automatically enter these ) p 80 kg/m3 |
. . 1 1 ISer
parameters into “Lumped Capacity Form”. 4. Enter solid thermal properties. o ¢ 4w gk -
k 0 WimK
Ambient Conditions
5) In “Ambient Conditions” section: N e e 40 Wimzk <
* Enter values for heat transfer coefficient B v
L Initial T 25 C -~
and initial temperature. el feme
* Keep Constant T, option “on” and enter © Constant Tinf 200 c

the ambient temperature
() Time Dependent with Heat Generation

Plot Temp vs time

6) In “Plot Temp vs Time” section:
* Enter 8 second for “End Time” and click on
Update’ Update

End Time 8 s v




Temperature at Specified Time
Partb): Time 1 s ]
7) Tq obtain tefnperature at 1 second enter 1 s S s
for time and click update.
Update
Time to Reach Temperature
Part c): . o o Temperature 198 C v
8) To obtain Time to reach 198 °C enter 198 °C -
- Ti s v
for temperature and click update. me
Update
Finished form is shown below.
]' [ LumpedCap;.ci‘laru:e ‘‘‘‘‘‘‘‘ - - m] h X
SRR I Choose 3D Shape
Area 2.0106e-06 m*2 W
210,00 =
Volume 2 6808¢-10 m*3 v - ‘,‘__,..--J,dnaa--——-
Material m l
Li(l:)raly Aluminum_Pure K /./‘
p 850 kg/m3 o 13600 @ Plot of Temp vs Time
Ve ¢ gk Temp(©)
o 400 -
k 20 W/mK a0 F
Ambient Conditions i /
Heat Trans. Coeff. 400 W/m2K v 6200
Initial Temp 25
© Constant Tinf 200 mm"'t'n""3:’,""5'“"";”""“
Tme: {s)
) Time D P with Heat
|s v| < v| |W v] - Temperature Unit: © Celsius Time Unit: © Second Fermat Plot
time Tinf Q - O Kekin O Minute
Plot Temp vs time Temperature at Specified Time Time to Reach Temperature
Time 1 Temperature 198
EndTime 8 Temperature 127.584 c v Time 5.068
Add Row Remove Row Update @ Update @ | Update

Show Tutorial

Note: the value of Bi = 0.0027 << 0.1, indicates lumped capacitance is assumption is valid.




Example — Thermal Response of Thermocouple in a Thermal Chamber

Consider a 5-inch solid metallic ball made of Aluminum_6061-T6 at initially at 85 °C in a thermal chamber with a heat
transfer coefficient h=250 W/m.K. Plot the sphere temperature versus time with varying chamber temperature profile

shown below.

Time (min) [Temperature (°C)
0 85
10 -50
30 -50
40 85
60 85

General Concepts
Heat Conduction > |
Convective Heat Transfer  »

Thermal Radiation »
Heat Exchangers >
Advanced Tools 4

Heat Trasfer | Fluid Mechanics Thermodynamics Numerical Methods Help

E

|

Steady-State - 1D
Steady-State - 2D/3D

13

3

Transient Conduction

3

Lumped Capacitance Method

Tool: Lumped Capacitance

Spatial Variation

Tool: Spatial Variation

Enter input data

1. Click on “Choose 3D Shape” button to open the 3D shape panel area and volume calculation.

Geometric Parameters Choose 3D Shape Input Geometric Parameters Choose 3D Shape
Area f-Solid Sphere v - @ Aea 505712 [mf2  ~
Volume Volume  1,0725¢-03 |mﬂ3 v
@ r 25 n e 7 B
2. Choose option “f” for Solid Sphere and
enter the radius. _ 4. Enter solid thermal properties. i
3. Click update to automatically enter these Choose Al 6061-T6 from list of Library [Aluminum_6061_Temper-T6

parameters into Lumped (:El[I)E]CIT\fr Form”. materials in the Iibrary. p 2710 |"_91,m3 u|
User
O C 1256 JkgK  ~

ka7 Wimk v

. N . Ambient Conditi
5) In “Ambient Conditions” section: " on
. . Heat Trans. Coeff. 250 |me2|< v
+ Enter values for heat transfer coefficient and
L. itial Te -
initial temperature. Initiel Temp & | G
() Constant Tinf |C .

* Change T, option to “Time Dependent” and
enter values for time and chamber temperature
from profile table above. Make sure to change the

© Time Dependent with Heat Generation

rom profie ta e I
time unit to minutes. p— — a

0 85

10 -30

30 -50

40 85

Add Row Remove Row




6) In “Plot Temp vs Time” section:
* Enter 60 minutes for “End Time”
* Change Time unit in the plot area to

minutes
* click on Update.

Finished form is shown below.

Lo

FALAnEATn

Plot Temp vs time

End Time 60

rin

FLan

Frnarn

= (] X

W Lumped Capacitance
GeomaticEsametars Choose 3D Shape
Area  5.0671e-02 m2 |
Volume  1,0725¢-03 mh3 . “ I’ /?‘
: 6200 E /
Material i
Library |Aluminum_506‘l_Temper-T5 " -
o E— _
2710 kg/m3 34.00 -
User i
o 1256 JkgK Temp Q) \ \ / F{
k 167 WimK 600 F }
Heat Trans. Coeff. 250 W/m2K 2200 =
Initial Temp a5 c v i \ y
O Constant Tinf C - % L L L L L L I 1 L | 1 1 1 1 | | 1 | 1 00
13.00 26,00 39.00 5200
Tume: {min)
© Time Dependent with Heat G ti {
ﬂ i - L W o~ = B
mn | |C | | Temperature Unit: O Celsius Time Unit: () Second Format Plot
time Tinf Q S 00517
| ) Kelvin » © Minute
0 a5 ‘
10 -30 Plot Temp,vs time Temperature at Specified Time Time to Reach Temperature
30 -50
| . Time 5 Temperature C
40 a5 - P
End Time 60 min - Temperature C Time B
Add Row Remove Row Update Update
Show Tutorial

Note: the value of Bi = 0.037 << 0.1, indicates lumped capacitance is assumption is valid.




HT-09: Transient Conduction (Walls, Cylinders, Spheres)
Example — Plate: Heating of a Steel Pipeline [Source: Bergman-Lavine Example 7.7]

Consider a 1-m diameter steel pipeline (AISI 1010) with a wall thickness of 40 mm. The pipe is heavily insulated on the
outside and initially has a uniform temperature of —20°C. Upon initiation of flow, hot oil at 60°C is pumped through the
pipe, creating a convective condition with h = 500 W/m? -K at the inner surface of the pipe.

a. Determine the temperature of the exterior pipe surface covered by the insulation at t = 8 min?
How much energy per meter of pipe length has been transferred from the oil to the pipe at t = 8 min?

Solution:

e Open “Transient Conduction” Tool

Heat Trasfer | Thermodynamics Numerical Methods Help

* Enter input data

Tool: Spatial Variation

Click Update and Solve

L =40 mm
Input
Geometry
|#) Large Plane Wall | Geometry: 1-D Plane Wall
. 40 mm 4 Insulated side — Width=L
Width  3.14 mo v
Height 1.00 m o~
Material
Aluminum_Pure
Library |
e} p TR kg/m3 . . B
- User-defined material properties
User C 434 IkgK f prop
° k 63.9 WimK
Initial Temp -20 C V|
Ambientl Temp 60 [
Heat Trans. Coeff. 500 W/m2.K v|
[imel) & min & End time = 8 minutes

T, 0) =
General Concepts T,=-20°C T
| Heat Conduction »|  Steady-State - 1D 8
Convective Heat Transfer Steady-State - 2D/3D » 7o, 1 T =60°C
. = = — 2,
Thermal Radiation Transient Conduction  » ‘ Lumped Capacitance Method Insulation i B m 500 Wine
Heat Exchangers Tool: Lumped Capacitance T T T
Ad d Tool . e Steel, AISI 1010
vanced lools I Spatial Variation



1® Transient Conduction

Ambientl Temp 80

Input
Geometry
a) Large Plane Wall v|
L 40 mm
Width 314 m
Height 1.00 m
Material
Aluminum_Pure
Library
O P 7832 kg/m3
User G 434 Jkg.K v
[} ;
k as
Initial Temp -20 o~
C o~

Heat Trans, Coeff. 500 W/m2K ~
Time 2 min
Results
Bi 0313 Center Temp 43.13 ’C—vl
Fo 5.640 ’J—Vl

Total Energy Gain

-5.45TE+07

Internal Temp /L
1.0

Temp 4546

]

a) Large Plane Wall

N

e —————

\
N
\
r
I
I
) I

,
3

’ /
'l
4 2w

—
2L
d) Long Rectangular Bar

Fo

|
|
i

b) Long Cylinder

|

“““n“
hI u;
i

|

e) Rectangular Bar

¢

c) Sphere
-’:._:i:: 4
i
.ri
r 2H
L-.._ll_—.!;

[

L

v

*

) Cylinder

Update

Show Tutorial

Comments:

1.
2.

The Biot number, Bi=0.313 and the Fourier number Fo=5.64
The “Center Temperature” refers to the temperature at the center of a wall with thickness 2L. Here, it indicates the
temperature at the insulated side of the wall.

The “Total Energy Gain” of -5.457E+07 J is the energy gained by a wall of thickness 2L during the period of 8
minutes. Here, since we the wall has an insulated side (L), the total energy gain will be half of this value; Qtot=-

2.73E+07 J per meter of the pipe. The negative sign implies heat transfer into the pipe from the oil

Temperature at x/L=1 (45.46 °C) represents the temperature on the surface that is exposed to the oil.




Example — Long Cylinder: Cooling of a Long Stainless-Steel Cylindrical Shaft [Source: Cengel-Ghagar Example 4.4]

A long 20-cm diameter cylindrical shaft made of stainless-steel 304 is out of an oven at a uniform temperature of 600
°C. The shaft is then allowed to cool in an environmental chamber at 200 °C and a heat transfer coefficient of 80
W/m?2.K. Determine a) the temperature at the center of the shaft after 45 minutes and b) total amount of heat
transferred from the shaft to the air during the cooling process per unit length.

Solution:

Open “Transient Conduction” Tool

Heat Trasfer | Thermodynamics Numerical Methods Help

General Concepts T =200°C
[ Heat Conduction v Steady-State - 1D , P

Convective Heat Transfer ’ Steady-State - 2D/3D »
Thermal Radiation ' Transient Conduction ¥ ‘ Lumped Capacitance Method Sminj; :;‘I .
Heat Exchangers 4 Tool: Lumped Capacitance — - - -
Advanced Tools 3 I Spatial Variation T, = 600°C D=20cm

* Enter input data | Tool: Spatial Variation |

Input
Geometry
|b) Long Cylinder v Geometry: Long Cylinder . . .
) ] Properties of Stainless Steel as given:
N 10 m e Radius, r0
kg
p=7900 —
Height 1.00 m m
J
c, =477 ——
: p
Material
Steel_Stainless_316 kg. k
Library K W
p 10 kg/m3 v . . . =149 —
— 7| User-defined material properties m.k
User C  am JfkgK v|
° k 14.9 W/mK
Initial Temp 500 c V|
Ambient| Temp 200 c -
Heat Trans. Coeff, 80 W/m2.K v|
Time 45 min End time = 45 minutes

Click Update and Solve



1® Transient Conduction

Input
Geometry
b) Leng Cylinder v |
i 0 cm
Height 1.00 m v
Material
Steel_Stainless_316
Library
@] p 7900 kg/m3
User C 477 Jkgk
o -
ks
Initial Temp 600 o~
Ambientl Temp 200 o~
Heat Trans, Coeff. 80 Wim2.K -

Time 45 min

{

Results

Fo 1.068 Total Energy Gain  3.028E+07

2L |
U‘ >
—¢—» . s
0o |- ‘
a) Large Plane Wall

=
¢ 2w
-+

2L

d) Long Rectangular Bar e) Rectangular Bar

c) Sphere

2H

! v

| To

) Cylinder

Bi 0.537 Center Temp 362.83 C ~
J v

Internal Temp r/rd
1.0

Ternp 32645 C

Update

Show Tutorial

Comments:

1. The Biot number, Bi=0.537and the Fourier number Fo=1.068
2. The “Center Temperature” refers to the temperature at the center of the cylinder is 362.83 °C.
3. The “Total Energy Gain”; Q:t=3.028E+07 J per meter of the pipe.

4. The surface temperature (r/r0=1) is calculated to be 326.45.




Example — Sphere: Boiling of Egg [Cengel-Ghajar Example 4-5]

An egg may be modeled as a spherical object of 5-cm diameter (p=1000 kg/m3, cp=4150 J/kg.°C, k=0.627 W/m.K).
Determine the temperature at the center of an egg after 14 minutes in boiling water at 95 °C. Assume the egg is
initially at 5 °C and the convection heat transfer coefficient of the boiling water to be 1200 W/m?2.K.

Solution:

Open “Transient Conduction” Tool

Heat Trasfer ] Thermodynamics  Numerical Methods  Help
General Concepts [
Heat Conduction | Steady-State - 1D 4
Convective Heat Transfer Steady-State - 2D/3D  »

Thermal Radiation Transient Conduction 3
Heat Exchangers

Lumped Capacitance Method
Tool: Lumped Capacitance

v v w |w

Advanced Tools L Spatial Variation
| Tool: Spatial Variation
*  Enterinput data h=1200 W/im*K
Input T,=95°C
Geometry A . .
[c) Sphere d Geometry: Long Cylinder ssumptions: .
o — Radius. 10 1. Egg modeled as a sphere with D=2.5cm
) aaius, 2. Egg is mostly water, so its properties are
assumed as water the mean temperature.
. Thermal properties of egg:
Aluminum_Pure
Library kg
994 kg/m3 - . . =994 —
> P g/m User-defined material properties P m3
User c 4178 JkgK }
o At
WimK cp, = 4178 ——
k  oea ) kg k
Initial Temp 3 c k =0623 i
m.k
Ambientl Temp 95 c
Heat Trans. Coeff, 1200 |W/m2K ~
Time 14 [min e End time = 45 minutes

Click Update and Solve



1® Transient Conduction

Input
G et
comety 2L
c) Sphere v| < »>
0 2.5 o
I 3 >
[ I L
Material
Aluminum_Pure
Library a) Large Plane Wall
O p 994 kg/m3 -~

0

ro

"
"

b) Long Cylinder

e) Rectangular Bar

c) Sphere

2H

f) Cylinder

o - 0
ko oe Wk~ | 12,
I
I
Initial Temp 3 c v I
I
I
Ambient! Temp 95 v [
I
Heat Trans. Coeff. 1200 Wm2. K ~ I
}_ -
. g
Time 14 min v ’/ /ﬁ’
Results oL
Bi 48134 Center Temp 71.71 oo~ d) Long Rectangular Bar
Fo 0.202 Total Energy Gain  -2.244E+04 T
Internal Temp r/r0
10
Temp  93.88 C ~
Comments:

1. The Biot number, Bi=48.15 and the Fourier number Fo=0.202
2. The “Center Temperature” is 71.7 °C.

3. The surface temperature of the egg is calculated to be 93.9 °C.
4. The “Total Energy Gain”; Qut=2.244E+04 J into the egg.

Update

Show Tutorial




Example — Short Cylinder: Cooling of a Brass Bar

A short brass cylinder (p = 8530 kg/m3, Cp =0.389 kJ/kg.K, k = 110 W/m.K) of diameter 4 cm and height 20 cm is
initially at a uniform temperature of 150C. The cylinder is now placed in atmospheric air at 20C, where heat transfer
takes place by convection with a heat transfer coefficient of 40 W/m2.K. Calculate

A. the center temperature of the cylinder.
B. the center temperature of the top surface of the cylinder 15 min after the start of the cooling.

Solution:

Heat Trasfer | Thermodynamics Numerical Methods Help
General Concepts . -

[ Heat Conduction »|  Steady-State - 1D 8 Ambient
Convective Heat Transfer  » Steady-State - 2D/3D  » air
Thermal Radiation * Transient Conduction 3 | Lumped Capacitance Method 20°C
Heat Exchangers 4 Tool: Lumped Capacitance
Advanced Tools » Spatial Variation

| Tool: Spatial Variation .
® Enter input data 20 em
Geometry
[7 Cylinder | «——————— Geometry: Cylinder
o2 M| Radius, ry= 2 cm (4-cm diameter)
H o1 m | e— Height, H= 10 cm (half of total height) )
Material
Brass
Library i 1 i
o . m g3 | Smce. the material propert{es are
specified, choose User option and enter
User Cc 389 JkgK .
o = the properties.
k 110 W/mK -~
Initial Temp 130 c -
Ambient! Temp 20 [ «— Enter the initial temperature, ambient
Heat Trans. Coeff. 40 [wmak | temperature, heat transfer coefficient,
— and cooling time.
Time 15 |m|n Y
. Click update to solve.

The finished form is shown.



¥ Transient Conduction

Input
2 | Cylinder v| L
0 2 cm
o » o re 2
H 10 cm 0 |-
Material ‘
Brass |
Library a) Large Plane Wall ~ b) Long Cylinder ¢) Sphere
(@) p 8530 [kg/ma Meyge
User C 389 lJlng( v
o
k110 ]wm.x v E y :
]
1
Initial Temp 150 C v : 2H
Ambienti Temp 20 c - | %
Heat Trans. Coeff. 40 wim2K | j
| A) Center Temp l\ Teoe 15 min v s i /
W
— /;W P s 2 Ty
[Results < 2% * L
Bi 0.007 Center Temp 6045 c v d) Long Rectangulor Bar  e) Rectangular Bar f) Cylinder
Fo 74589 Total Energy Gain  7.498E+04 )~
Internal Temp /0 ZH 1
10 1.0 <—| Location of center of the top surface | [ Update
fEp 9957 S "IG—-{ B) Temperature at center of the top surface |

]




HT-10: Semi-Infinite Solids

Example — Burial Depth of Pipes to Avoid Freezing

The ground at a particular location is covered with snowpack at -10°C for a continuous period of three months

(90 x 24 = 2160 hours), and the average soil properties at that location are k = 0.4 W/m.K, p=8333.3 kg/ m* ,and cp
=320J/kg.K. Assuming an initial uniform temperature of 15 °C for the ground, determine a water pipe will freeze at the
burial depth of 80 cm during the 3 month period. Repeat the simulation using the depth of 500 cm and notice.

Heat Trasfer | Fluid Mechanics Thermodynamics MNumerical Methods Help

Steady-State - 1D
Steady-State - 2D/3D

3

3

Transient Conduction

» | Lumped Capacitance Method

: General Concepts
‘ Heat Conduction »
Convective Heat Transfer  »
: Thermal Radiation »
' Heat Exchangers »
i Advanced Tools »

Enter input data

Material
Library Aluminum_Pure
Q
p w3 |kg/m3
User :
o ¢ ® |k
om W/mK

1. Select “User” material type.
2. Enter density, specific heat and

thermal conductivity.

Finished form is shown below.

Tool: Lumped Capacitance
Spatial Variation
Tool: Spatial Variation
[ Tool: Semi-Infinite Solids

|
|

Boundary Condition
© Specified Temperature

T -10 e ]
(") Heat Transfer Coef
h Wim2K
Tamb |C v |
() Uniform Heat Flux
q's |WKT

3. Choose “Specified Temperature”
BC and enter the given value.

Wa-l..er pipe .

ST=15°C

Initial Temp 15 C ~
X 80 | [ |
Time 2160 e~

4. Enter values for Initial
Temperature, Depth into the
soil, and time.

- - e — — - — R
o® Semi-Infinite Solid = m] X
Material
Library Aluminum_Pure
O
p 83333 [kg/m3 oo ,..,,."
User r
| o i 320 JkgK r .’.
| k o4 [w/mk 20 ’.."..F
Boundary Condition r .
| O Specified Temperature 401 |-
| T -10 [ T C ’,,"/
() Heat Transfer Coef £00 r o
h Wm2K . /,f'.‘
Tamb C w 00 r
() Uniform Heat Flux r
q's W/ma o N
ll 410,00 1 1 1 1 1 1 1 1 1 1 1 Il 1 1 1 1 1 1 1
| ) 16500 13600 50.400 67.200 34,000
1 Initial Temp 15 c v bt
{ X 20 cam v
| Time 2160 he Format Plot
|
| [Results
Temperature -0.01 C ~ Update
q's -5.22 W/m2 w :
Show Tutorial

A -

Note: 1. The value of 80 cm is the minimum burial depth of pipes, since the pipe temperature reaches 0 °C after 3 months.
2. As evident from the plot, the at this depth the variation is nearly linear. If you rerun with x=500 cm, we can see

the decay.



o® Semi-Infinite Solid O

Material
Library Aluminum_Pure
O 1572
2 83333 kg/m3 = I
User C
) C 320 .Hkg,K ~ r
k 0.4 WimkK 1058 C
Boundary Condition L
© Specified Temperature 543 f
Ts 10 c v T C
() Heat Transfer Coef 029 -/
h W/m2K v L
Tamb C v 486 L
() Uniform Heat Flux r
q's Wim2 W I,
40,00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.000 525 000
105,000 210,000 35000 420,000
Initial Temp 15 C ~ X
X 500 em v
Time 2160 Format Plot
Results
Temperature 14,97 C ~ Update
"s =522 W/m2 w
9 Show Tutorial




Example — Surface temperature rise of Heated Block

3
A thick, black-painted wood block (k = 0.159 v ,p=721 m—, cp = 1260 L ) at 20 °C is subjected to constant
m.K kg kg.K

solar heat flux of 1250 W/m2.
1) Determine the exposed surface temperature of the block after 20 minutes. Plot results to 20 cm into the block.

2) Repeat for block made of pure aluminum, and Plot results to 100 cm into the block.

thermal conductivity.

Finished form is shown below.

3. Choose “Uniform Heat Flux” BC
and enter the given value.

Heat Trasfer .. Fluid Mechanics  Thermodynamics ~ Numerical Methods ~ Help 4, = 1250 Wim*
] General Concepts - ::
Heat Conduction v|  steady-State - 1D , e
Convective Heat Transfer  » Steady-State - 2D/3D  » -
o . —
1 Thermal Radiation » | TransientConduction »|  Lumped Capacitance Method —
o —
Heat Exchangers ¥ Tool: Lumped Capacitance —»
I Advanced Tools > | Spatial Variation =
] Tool: Spatial Variation ey
| Tool: Semi-Infinite Solids —
e
Enter input data
Boundary Condition e ol
- - () Specified Tempersture S lc—
rary Alurminum_Pure X [i] em v
0 . : £ ]
il kg/m3 Time 20 min_~
T : () Heat Transfer Coef
o ¢ w gk h ]
k RL] WimkK
2 Tamb c
w " . © Uniform Heat Flux s
1. Select “User” material type. 5 1250 Wimz ] 4. Enter values for Initial
2. Enter density, specific heat and Temperature, Depth into the soil

(0 for surface), and time.

¥ Serni-Infinite Solid = a x
Material
Libeary Alurminum_Pure
@ - - 159
p 72 kg/m3 - ]
oo c -J.r K -
Py 1260 kg
ko o5 Viimk - .
Beundary Condition C
() Specified Temperature HE -
Ts c ] T C \
() Heat Transfer Coef 71 [
h WimlK L \
Tamb c w 20 C
O Uniform Heat Flux C
Qs 1230 Wi - C -
15,00 L 1 L 1 1 i 1 [ -] 1 L 1 1 Ll 1 L 1 1
- oom 4200 8.400 12500 16,800 .00
Initial Temp 20 | x
X 20 em
Time 20 min | Format Plat
Results
T 00 c
Ts 148,55 |c “ Update
q's  1250.00 wim2 | Show Tutorial

Woed Block: 1. The surface temperature is 148.6 °C.
2. The plot shows thermal penetration within the wooden block to the depth of 4.2 cm.



¥ Semi-Infinite Selid = o

Material
L:"Y |AIuminunLPur! ~ |
p 2o il
”5' C 8900 (g | r
k22000 WimK el
Baundary Condition i\
() Specified Temperature 0
T c W T :\“
) Heat Transfer Coef 108 | -
h Wim2K -~ L
s I
© Uniform Heat Fiue . "“-."‘_“-
g 1250 Wim2 r
l ] %............T‘T".“.‘-m-m
B 21.000 42.000 « £3.000 84,000 106,000
X 100 [cm v|
Time 20 Format Plot
Results
T 003 [
B 2 C v | Updste J
q"s 125000 Wima2 e Show Tutoral

Aluminum: 1. The surface temperature is 22,12 °C.
2. The plot shows thermal penetration within the wooden block to the depth of 100 cm.



Example — Compliance of ASME Codes for Bolts Exposed to Cryogenic Fluid

A series of long stainless-steel bolts (ASTM A437 B4B) are fastened into a thick metal plate. The metal plate has a

thermal conductivity of 16.3 W/m.K, a specific heat of 500 J/kg .K, and a density of 8 g/cm3. The upper surface of the
plate is occasionally exposed to cryogenic fluid at -70°C with a convection heat transfer coefficient of 300 W/m2.K.

The bolts are fastened into the metal plate from the bottom surface, and the distance measured from the plate's

upper surface to the bolt tips is L =1 cm. The ASME Code for Process Piping limits the minimum suitable temperature
for ASTM A437 B4B stainless steel bolt to -30 °C. If the initial temperature of the plate is 10°C and the plate's upper
surface is exposed to the cryogenic fluid for 30 minutes, would the bolts fastened in the plate still comply with the

ASME code?

1

General Concepts I

Heat Transfer | Fluid Mechanics Thermodynamics Numerical Methods Help

Heat Conduction

| Steady-5tate - 1D b '

Cryogenic fluid, T,

: 2 Metal plate
Convective Heat Transfer  » | Steady-State - 2D/3D  »
Thermal Radiation v | Transient Conduction  » Lumped Capacitance Method B
Heat Exchangers * | Tool: Lumped Capacitance
Advanced Tools 4 ] Spatial Variation
I Tool: Spatial Variation
] Semi-Infinite Solids
| Tool: Semi-Infinite Solids
Tool: Contact Semi-Infinite Solids
Material
Library User-Mat
O
. . 2 3 gfem3
Select User Materials and enter proprerties User
. . . | C 500 Vkgk
in given units. —+ 0 C =
.l‘- 16.3 lW;m,K et
Boundary Condition
() Specified Temperature
T: C
Choose the 2™ type of boundary :
conditions and enter 300 W/m2.K for the *O Heat Transfer Coef
heat transfer coefficient and -70 ° for the S 300 W/m2K -
ambient temperature. Tamb  -70 [
() Uniferm Heat Flux
qs Wima2 v
Enter 10 °C for the initial temperature. ——————+ Initial Temp 10 C
Enter 1 cm for the depth through the solid. — X1 -
Enter 10 min for time. e 30 min -

Click update to solve.

K

X

Balt
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¥ Semi-Infinite Solid = O

Material
Library User-Mat
® 4074
3 L
User c i
500 B
o -
1B -
k 16.3 L
Boundary Condition B
() Specified Temperature 4254 K =
Ts T B
© Heat Transfer Coef 4343 i =
h o 300 v i
Tamb 70 i

() Uniform Heat Flux

q's -
a3 v b v e e b e e e
Initial Ternp 10
£
Time 30 ~

Format Plot

Results

Temperature  -40.74

LT ¢
:
§
3
>
:
:
:

q's  -7430.60

=
=)
<

Update

Show Tutorial

Penetration Depth  19.698

3
€

e The temperature at a depth of 1 cm after 10 minutes is predicted to be -40.74 °C. This indicates that the
bolt tips are below the minimum temperature of -30 °C, as required by the ASME Code.

e The penetration depth is 19.7 cm at this time in the transient process.

e The plot shows a linear temperature profile through this depth at 30 minutes.




HT-11: Contact of Two Semi-Infinite Solids



HT-12: Flat Plate in Parallel Flow
Example — Flow of Hot Oil Over a Flat Plate

Engine oil at 60°C flows over the upper surface of a 5-m-long flat plate whose temperature is 20°C with a velocity of 2

m/s. Determine the total drag force and the rate of heat transfer per unit width of the entire plate.

Heat Transfer

Fluid Mechanics  Thermodynamics

Numerical Methods

Help

General Concepts

Heat Conduction »
| Convective Heat Transfer  » | Background
:: Thermal Radiation 4 | External Flow ¢ | General Concepts
1 Heat Exchangers 4 Internal Flow 3 Flat Plate in Parallel Flow
I Advanced Tools 4 Natural Convection
i

utomated engineering

v | Tool: Flat Plate in Parallel Flow

Flow Over Curved Surfaces
Tool: Flow Over 3D Bodies
Flow Across Tube Banks
Tool: Flow Over Tube Banks

Fluid Properties
O Select Fluid () Enter Properties
* Choose Engine Oil from the Library. ———Engine 0il v
Pressure 1,000 atm -~
p kg/m3
Cp Mgk
k WmK
|Pa.s ~
Input Data
* Enter 5 m for Length —_ L s m o~
* Set the oil temperature to 60 °C — T ® c -
*  Set the velocity to 2 m/s —_—  Uni 2 s ~
* Set the plate temperature to 20 °C ——* © uniformTs 20
() Uniform gq°s Wim2
*® Forced Convection -Flat Plate in Parallel Flow = m} X
Fluid Properties Avg, Results Mo
O SelectFluid () Enter Properties Flow Regime  Laminar —
Engine Qi vl | I
: : Mu_avg 1510.4866 S Turbulent Region
Pressure 1.000 Iatm | — oo Uer C :‘ OC
poemsse |kg/m3 - Chavg 00066 ] J;f‘/-) ' ..j)
e ~a
G oz = G N e T
_— S e =F —r —= - - 1 T viseous
o 01 & 124581 [mm | L == L —= ——= —= —- Ssbloyer
— | Laminar | Trans. | Turbulent |
B 21601 [Pas | PR < 1 P r ) )
Input Data o Fastand D x=0 Xerit x=L
L d m_- g Plot Opti
2 Width  1.000 mo o ot Options
Tinf 6 c v C” - 4000 X-fuis
Qenv 110325626 W
Uinf 2 mis o - TN O 00 0x
Dreg 57473 N i Ore
© Uniform Tz~ 20 C v k
o | 7 2400 ¥ - Aotis
Uniferm g"s Wim2 - d“l Results s ) Mu Local
1 X m L O Nu Avg
1500
Parameters Chx ‘l_-\ O hlocal
Re .4.0E04 - 200 © hivg
Pr 27875 E O €f Local
[ & Wm2XK Y S T I PR PR O Ciavg
el : om0 1200 fl\m 3800 4500 6000 (o).}
X fm)
3)
1. The drag force is calculated to be 58 N.
2. The rate of heat removal from the oil (heat addition to the plate) is roughly 11 kW.
3. The plot shows the variation of the average heat transfer coefficient versus the distance to the leading edge (other properties may be selected).




HT-13: Flow Over 3D Bodies

Example — Heating of Horizontal Cylinder in Cross Flow

Experiments have been conducted using a metallic cylinder 12.7 mm in diameter and 94 mm long. The cylinder is heatec
an electrical heater and is subjected to a cross flow of air in a low-speed wind tunnel. Under a specific set of operating c
which the upstream air velocity and temperature were maintained at V = 10 m/s and 26.2°C, respectively, the heater po
dissipation was measured to be P = 46 W, while the average cylinder surface temperature was determined to be Ts = 12
Assuming that 15% of the power dissipation is lost through the cumulative effects of surface radiation and conduction tt
endpieces:

a) Determine the convection heat transfer coefficient from the experimental observations.

b) Compare the experimental result with the convection coefficient computed from the correlation.

a) The convection coefficient can be evaluated from the experimental data, T =26.2°C T, = 128.4°C
assuming 85% of the total heat dissipation dissipated from the surface of V=10 mfs -
the rod: Alr

= q

h=—— g=39.1W

A(T.—T..) e
o 0.85 X 46 102 Y PeasoW g 17 -
- m(0.0127)(128.4 —26.2) ~  m2.K b2 7mm

b) To obtain the heat transfer coefficient using the correlation, open “Flow Over 3D Bodies Tool”

Heat Trasfer | Thermodynamics  Mumerical Methods Help
General Concepts
Heat Conduction '

Convective Heat Transfer  » | Background |
Thermal Radiation v External Flow » General Concepts
Heat Exchangers v [ Internal Flow b Flat Plate in Parallel Flow
Advanced Tools J Natural Convection  » Tool: Flat Plate in Parallel Flow
Cylinde - Cross Flow "
Tool: Flow Over 3D Bidies
®*  Enter input data Tool: Flow Over Tube Banks

Geometry: Circular Cylinder | a) Circular Cylinder

Fluid Properties
Select Air from materials library ) Select Fluid () Enter Properties
Air . Pressure  1.000 atm -

(L kg/m3 Cp IkgK -
k WimkE i Pa.s v
Input Parameters

W 1 mys

Enter Flow and Thermal Information p—t Tinf 26 C w
Ts 128.4 C
. . 1] 127 mm o
Enter Geometric Information —_—
L 9 mm
Emnissivity 1.0

Click Update and Solve



o® External Flow = (] *

a) Circular Cylinder v|
» —
Fluid Properties s
© Select Fluid () Enter Properties —i
—
Air v| Pressure  1.000 (uf’ Tm) >
I —
: o —
ko H a) Circular Cylinder b) Sphere
Input Parameters
U 10 7 T S — Noncircular Cylinders — -==-==-=======mmmmmo e
Tinf 26 C
- i -
Ts 128.4 C [ D [
o 127 mm - — l — ’ T
L 94 mm - — — D
—
Emeetigl 1.0 — ¢) Square —® ) Hexagon
! l
Results . 6059565
— —
Pr 0700 g) Plate
Nuavg 40.5946 —_— —
h_avg 9598 Wim2K — —
40,683 -W B —l — .
Lo . - d) Tilted Square f) Tilted Hexagon
Qconv  36.860

Comments:

1. The Reynolds number, Rep=6059.

2. The Nusselt number, Nu=40.6.

3. The average heat transfer coefficient is evaluated to be 95.6 W/m?2.K. This is very close (about 6% difference) to the
experimentally determined value of 102 W/m?2.K.

4. The theoretically calculated rate of heat transfer from the rod is 40.69 W, which is very close to the experimentally
measured value of 39.1 W.



HT-14: Flow Over Tube Banks
The following three examples illustrate how to solve heat transfer problems involving flow across tube banks in both
in-line and staggered configurations.

Example — Preheating Water in a Bank Tube [Source: Cengel-Ghagar Example 7.8]

In an industrial facility, air is to be preheated before entering a furnace by geothermal water at 120 °C flowing through
the tubes of a tube bank located in a duct. Air enters the duct at 20 °C and 1 atm with a mean velocity of 4.5 m/s and
flows over the tubes in the normal direction. The outer diameter of the tubes is 1.5 cm, and the tubes are arranged in-
line with longitudinal and transverse pitches of Si= St =5 cm. There are 6 rows in the flow direction with 10 tubes in
each row. Determine the rate of heat transfer per unit length of the tubes and the pressure drop across the tube bank.

Solution:

e Open “Flow over Tube Banks” Tool

Heat Trasfer | Thermodynamics  Numerical Methods  Help
General Concepts Air
Heat Conduction » V=45m/s T‘. = 120°C
Convective Heat Transfer  » | Background l T =20°C C( '
Thermal Radiation , External Flow v|  General Concepts 17 .
Heat Exchangers ’ Internal Flow » Elat Plate in Parallel Flow — O O O O O
Advanced Tools » Matural Convection  » Tool: Flat Plate in Parallel Flow
—T
Cylinde - Cross Flow v f O o O O O o
Enter input data Tool: Flow Over 3D Bidies — 000000
O In-line () Staggered Tool: Flow Over Tube Banks |
Fluid Properties 3 O O O O O O
© Select Fluid () Enter Properties
—

Air ~ Pressure 1.000 atm - O O O O O O
pi lkg/mi | - ONONONORONG®
p kg3 <] koK - — O O0OO0O0OO0O0

WimK v p Pas -
‘. — 000000
—_—
Input Parameters ST O O O O O
vV a5 mfs — OO 0O0 /C)/
i c - S ‘;—’4
=5 =5cm = >
T 120 c - L T D=15cm
D 1.5 cm
ST 3 m v Ny =6
s 5 m v NT =10
L 10 - - L=1m
Mo of Columns - Longitudinal Dir, NL 6
Mo of Rows - Transverse Dir, NT 1d

Click Update and Solve



1® Flow Across Tube Banks

© In-line

() Staggered

Fluid Properties

© Select Fluid () Enter Properties

Air

v| Pressure 1,000

Pr 0.708

pi 118336
p 117083 Cp 100696
k002614 po183eE0 [Pas

Prs 0.691

v

Ti

Ts

D

=1

SL

L

Input Parameters

4.5 mfs
20 C
120 C

1.5 cm
5 cm
cm
m

o
v
5 w
w

Ne of Columns - Longitudinal Dir, NL &

Mo of Rows - Transverse Dir, NT 10

Results Re
Mu_avg
h_avg
Te
Q
Dp/f
Comments:
5.
6.
7.
8.
9.
10
11.

6150

55.2343

%.2 (Wim2K |
206
25888.1 W]
145,166 Pa -

(V. Tes) ' ' '
&
— S ) 1 | |
e s [ |
A
= OO0
" Al Ar ' :
":I = :{! DIL a) Inline Arrangement
Ar= (57—
,‘llD. = [.‘I.D— D'!, I “’f I
V., T)
_’ )
Sy
—
—
- A |

[
b) Staggered Arrangement

The Reynolds number, Re=6150; it is based on Vimax
Average heat transfer coefficient is 96.2 W/m.K
Air exit temperature is 29.6 °C
Heat transfer into air is 25888.1 W (25.8 kW)
Pressure drop across the bank can be calculated to be 23.2 Pa by multiplying the Dp/xf value of 145.66 Pa by the
product of the friction factor and the correction factor (roughly 0.16 and 1.0 from the chart).

. Note that, following the solution process, the values of fluid thermal properties are displayed corresponding to the

latest updated film temperature. The user can use fixed properties by selecting the “Enter Properties” option.

pi (1.193 shown in the first density box) represents the value of density at the inlet (evaluated using inlet

Show Tutorial

temperature). This value is used to determine the mass flow rate through the bank.




Example — Air Heating by Steam Tubes [Source: Cengel-Ghagar Problem 7.112]

Air is to be heated by passing it over a bank of 3-m-long tubes inside which steam is condensing at 100 °C. Air
approaches the tube bank in the normal direction at 20 °C and 1 atm with a mean velocity of 5.2 m/s. The outer
diameter of the tubes is 1.6 cm, and the tubes are staggered with longitudinal and transverse pitches of S =ST =4 cm.
There are 20 rows in the flow direction with 10 tubes in each row. Determine the rate of heat transfer.

Solution:

e Open “Flow over Tube Banks” Tool

Heat Trasfer | Thermodynamics Numerical Methods Help
General Concepts

Heat Conduction

: 00,050
Convective Heat Transfer  » Background l O o O
Thermal Radiation 4 External Flow » | General Concepts o O O O
Heat Exchangers 4 Internal Flow » Flat Plate in Parallel Flow O o O
Advanced Tools 4 Natural Convection  » Tool: Flat Plate in Parallel Flow o O O O O O O
Cylinde - Cross Flow ’ O o O O
Enter input data Tool: Flow Over 3D Bidies O O O
O Indine O Staggered Tool: Flow Over Tube Banks O o O O
_— 02020
(O Select Fluid O Enter Properties O O O O
Air ~| Pressure 1,000 atm | O O o O O
pi 120400  |kg/m3 Q o O o ;
p 1145000 |kg/m3  ~| cp 100700 [WkgK -
002625 |W/mK | O »
ke 00225 [WimK |y 195060 [Pas Staggered Arrangement
Pr 0727 Prs 0.711
D=16cm
Input Parameters _ _
< m s ] Spr=58,=4cm
. T Ny =10;N; = 20
[D-:ucument last modified: 9_.-'21_.-'23-23]
g 100 C — OIS
T: | V= 7
b 16 | T; =20°C
sT 4 |cm \| Tg = 100 OC
-SRI N L=3m
L 30 m w

Mo of Columns - Longitudinal Dir, ML 20

Mo of Rows - Transverse Dir, NT 10

Note that, for this example, user properties (fixed properties) are used instead of fluid selection.
e C(Click Update and Solve



1® Flow Across Tube Banks = a *

© In-line () Staggered
Fluid Properties

() Select Fluid @ Enter Properties

Air v| Pressure 1.000 :,‘ SJ ,: :

pi 120400 V1) _ _____ e ....... _

p i G rane

Pr 0727 Prs 0.711

Input Parameters
e : (- --€D-

Ty
D
-6
&

m/s
T2 [ A= ""'-{'L a) Inline Arrangement
AT = (.ST— IJ]L
T 100 C v Ap=(Sp—D)L LS .
D 16 cm w i i
4 -
ST cm (Vl Tg_—,)
gL 4 m i
—
L 3.0 m w S.‘
No of Columns - Longitudinal Dir, ML 20 —
Mo of Rows - Transverse Dir, NT 10 A |
—
Results Re 8379
Nuavg 717015
h_avg 1176 W/m2kK -~ |
b) Staggered Arrangement
o] 2263644 L\ ——
P ' Show Tutorial
Comments:

1. The Reynolds number, Re=8379 is based on Vimnax

2. Average heat transfer coefficient is 117.6 W/m.K

3. Air exit temperature is 49.9 °C

4. Heat transfer into air is 226564.4 W (22.7 kW)

5. Pressure drop across the bank can be calculated to be 283.8 Pa, by multiplying the Dp/xf value of 860.022 Pa by the

product of the friction factor and the correction factor (roughly 0.33 and 1.0 from the chart).



Example 7.7—- Space Heating Using Pressurized Water [Source: Bergman-Lavine Example 7.7]

Pressurized water is often available at elevated temperatures and may be used for space heating or industrial process
applications. In such cases, it is customary to use a tube bundle in which the water is passed through the tubes, while
air is passed in cross flow over the tubes. Consider a staggered arrangement for which the tube outside diameter is 16.4
mm and the longitudinal and transverse pitches are S; = 34.3 mm and St =31.3 mm. There are seven rows of tubes in
the airflow direction and eight tubes per row. Under typical operating conditions, the cylinder surface temperature is at
70 °C, while the air upstream temperature and velocity are 15 °C and 6 m/s, respectively. Determine the air-side
convection coefficient and the rate of heat transfer for the tube bundle.

Solution:

e Open “Flow over Tube Banks” Tool

Heat Trasfer | Thermodynamics  Numerical Methods ~ Help

General Concepts
Heat Conduction

1

Convective Heat Transfer

Thermal Radiation
Heat Exchangers
Advanced Tools

Background

External Flow

Internal Flow
Natural Convection

Enter input data

() In-line ) Staggered

Fluid Properties

pi kg/m3
0 kg/m3
k Wim.K

Pr

Pressure 1.000 atm

© Select Fluid () Enter Properties

Input Parameters
v 3]

Ti 13

Ts 0
p 164
5T 33
sL 343

L 1.0

Mo of Columns - Lengitudinal Dir, ML

No of Rows - Transverse Dir, NT

e Click Update and Solve

General Concepts
Flat Plate in Parallel Flow

Tool: Flat Plate in Parallel Flow
Cylinde - Cross Flow

Tool: Flow Over 3D Bidies

Tool: Flow Over Tube Banks

Water tube
D =16.4 mm

T,=70°C

§; =34.3 mm

Y
.

OOOOOOOOI
Q0000000

O0O0O000O0O0
O00000O0O0

O00O0O00O00
—0O 0000000

Air

l
—O00000000

Row 7

el
o
=
—

N, =
NT:B
L=1m



1® Flow Across Tube Banks = O >

() In-line © Staggered
Fluid Properties
© Select Fluid () Enter Properties

Air ~ | Pressure 1.000 Iq—,.: :
|

v o i @
p 191488 kg/m3 v | cp 100687 [WkgK

o 002578 WimK  ~| g 18138600 [Pas ~ ! 'y
= 1000
Pr 0708 Prs 0.701 Y

Ni
|

- ! . .
Input Parameters
voe e ] "“""""
T € A= -"‘r_‘f- a) Inline Arrangement
.’!I.rz (.ST— IJ}L
Ts 70 C ""l[) — {ﬁn_ D]I_ I Sj' |
D 16.4 mm W '
sT 313 mm v [:V T )
v Loo
gL 343 mem w
— )
L 1.0 m R S.‘
Mo of Columns - Longitudinal Dir, NL 7 —
Mo of Rows - Transverse Dir, NT 8 A
E— - I
Results Re 13579
Mu_avg 881978
havg 1387 Wim2K |
b) Staggered Arrangement
Q 187771 W
oot o200 e _
Show Tuterial
Comments:

1. The Reynolds number, Re, is 13,579, and it is based on Vimax

2. Average heat transfer coefficient is 138.7 W/m.K

3. Air exit temperature is 25.7 °C

4. Heat transfer into air is 19,777 W (19.8 kW)

5. Pressure-drop across the bank can be calculated to be 241.15 Pa by multiplying the Dp/xf value of 662.49 Pa by the

product of the friction factor and the correction factor (roughly 0.332 and 1.04 from the chart).
6. Note that, following the solution process, the values of fluid thermal properties are displayed corresponding to the
latest updated film temperature.



HT-15: Internal Flow Heat Transfer

Example — Developing Laminar Flow of Oil in a Pipeline Through a Lake [Source: Cengel-Ghagar Example 8.3]

Consider the flow of oil at 20 °C in a 30-cm-diameter pipeline at an average velocity of 2 m/s. A 200-m-long section of
the horizontal pipeline passes through the icy waters of a lake at 0 °C. Measurements indicate that the surface
temperature of the pipe is very nearly 0 °C. Disregarding the thermal resistance of the pipe material, determine (a) the
temperature of the oil when the pipe leaves the lake, (b) the rate of heat transfer from the oil, and (e) the pumping
power required to overcome the pressure losses and to maintain the flow of the oil in the pipe.

Solution:
Heat Trasfer | Thermodynamics  MNumerical Methods  Help
General Concepts = o _ - . e
Heat Conduction » = ~ tev lake. 0°C -
| Convective Heat Transfer _ » | Background B : IL—Y lake, °C *‘: ': -(
Thermal Radiation 3 External Flow b 20°C 0il 1 e
Heat Exchangers 4 | Internal Flow » | ' Hydrodynamics Concepts — 2mis. = "
Advanced Tools 4 Matural Convection  » Thermal Concepts _Energy Balance
Convection Correlations in Circular Pipes
Convection Correlations in Non-Circular Tubes
| Tool: Internal Flow Heat Transfer || < 200 m |
Enter input data p = 888.1 kg/m? v=9429 x 10~ m¥/s
_ : k=0.145W/mK ¢, = 1880)/kg-K  Pr=10.863
Fluid Properties
* Select “Enter Properties” and enter —> (O Select Fluid © Enter Properties

values. oil

Pressure 1.000 atm -~
p 8881 kg/m3 | cp 1880 |J.-’kg-|( v ‘
k 0145 WimK |y 02373 Pa.s -

Geometric Information

* Keep “Circular” cross-section. —T—" O Circuler © Non-Circular
* Enter given values for diameter and —>|p o3 [m “] L m »
tube length in given units.
Inlet Flow Information
) mdot |kgf'5 v
) Vdot cofm w
* Select “Uin” to enter inlet velocity. —r—+Oun 2 [mis
Thermal Conditions
* Enter the Inlet Temperature. —— T 20 c v
() Uniform q's Wim2
* Select “Uniform Surface —#0 UnformTs 0 c |
Temperature” option and Enter the O Uniform Tinf C
value provided. e W/m2K
K w W/m.K
th_w mm

* Make sure Thermal Entry Effects — @ Include Thermal Entry Effects
are included.

Click Update to Solve



= = a
Fluid Properties Results " T>T -
) Select Fluid © Enter Properties L L L= 95
|oit - Per 09425 |m v g
Pressure 1.000 atrm Re 637 Pr 1083214 :' : —
p B.EBEDZ kg/m3  ~ | cp 1.88E03 Vegk Flow Regime  Laminar - H |
kVASE0T W/mK v| [ 837E-D1  |Pas v [Flew Cenditions I T(r,0)=T,
Velocity  Fully Developed Velocaty < Thermal Entr, ion Fully Developed >
Termperature  Entry Region Thermal
© Circular () Non=Circular = Mty Teglon Therma’
D 03 [m v L 200 [m - [[efiEz==ss Correlation Corner
M 39.4319 1—@
et Turbulent Flow - Fully Developed
Inlet Flow Information havg 191 Wim2K - ] Rough wall
/ [« ] Gnielinsky Correlation (3mooth Wall) e -
125.54 ~ ot _ 5
O mdot .kg.fs | o % |W - () Dittus-Boelter Correlation (Smooth Wall) [ Adjust Properties for Twall Effects
O Vdot 29955 |cfm : j p
O Uin 5 e - Exit Nuo 257935 () Bhatti-Shah (Rough Wall) Show Cormelations
ho 125 Wim2K
Thermal Conditions
- 2 ¢ . R IC:vl Results - Pressure Drop and Friction —
" Tso 0.0 |C v Friction Factor
p— e —-— e ] Darcy Friction Factor,f  0,1005 4—@ © Haslare Equantion
; 0 c , N
L - LocalResults 1\ 03 Friction Head Loss, b ¢ 220 ™ ]| () SwameeJain Equation
() Uniform Tinf C —— )
P Pressure Drop 119.0400 [kua v] ) Colebrook Equation
h et \'."'Ian —
- = Tm 199 € v
Kow Wim.K . o0 c DZ 0.00 |m V|
5 1 w
th_w mm
h 15.8 Wim2K
e N Wim2 | Update
B Include Thermal Entry Effects = 3132 |W.-‘rr|2 P

Comments:

1. Itis evident from the Nusselt number value (being much larger than the fully-developed value of 3.66) that the thermal
profile is not developed and we are operating in the thermal entry region. This is typical of “high Prandtl number”

fluids (here Pr=10852).

2. The friction coefficient is calculated to be 0.01005. This value corresponds to laminar flow in circular pipes (

3. The head loss (hf) and corresponding Ap are calculated to be 13.66 m and 119.04 kPa

W

mAp  (125.54)(119.04)

P

(888.1)

The mass flow rate is 125.54 kg/s. The required pumping power can be obtained from:

=168 kW




Example — Developing Laminar Flow with Uniform Heat Flux — [Source: Lienhard Example 7.2]

A fully developed flow of air at 27 °C moves at 2 m/sin a 1 cm I.D. pipe. An electric resistance heater surrounds the

last 20 cm of the pipe and supplies a constant heat flux of 378 W/m2. What will be the mean temperature and the
wall temperature at the exit?

| Heat Trasfer Thermodynamics  Numerical Methods Help
| General Concepts - -

5 D=1cm
Heat Conduction » 5
| Convective Heat Transfer  » | Background e ; 4s =378 W/m /—
( Thermal Radiation » External Flow > Liquid Hg _L
Heat Exchangers » | Intemal Flow > Hydrodynamics Concepts | _— ' B s i =
{___Advanced Tools : ‘ Natural Convection  » Thermal Concepts _Energy Balance V=2m/s h \
Convection Correlations in Circular Pipes T, 0= 27°C ————L=20cm—— “~T.(1)
Convection Correlations in Non-Circular Tubes L
Enter input data [ Tool: | | Flow Heat Transf 1
Fluid Properties
* Choose the default — Select Fluid =~ ——T—* © SelectFluid O Enter Properties
option and Air as the fluid. |Air v
Pressure 1.000 ‘atm v
P kg/m3 | cp Iikgk |
oo S ‘W/m,lr(r V‘ M ‘7Pa.s v

Geometric Information

6 Keep Circular option. © Circular () Non-Circular

D 1 vl L 2 vl
* EnterD=1cmandl=20cm =% jem | i

Inlet Flow Information
* Enter 2 m/s for mdot. ——— O mdet kg/s
O Vdot ||:fm u|
O Uin 2 [mrs
Thermal Conditions
* Enter the 27 °C for Inlet Temperature. _____, 1, 27 c -
© Uniform g's 3?51— W/m2 -~
*  Select the “Uniform Heat Flux” option —} - ;.. . c
and enter 378 W/m? T T -
h_ext W/m2.K
Kw W/mK
th_w mm

* Select “Include Thermal Entry Effects”.

B Include Thermal Entry Effects

*  Click Update to Solve.



Fluid Properties Results "
© Select Fluid () Enter Properties Ac ﬂ m*2 -
| Air w Per 0.0314 |E
| L
Pressure  1.000 atm Re 1214 Pr 0.1
| P 10384 kgfm3 Cp 10072647 [IkgK Flow Regime  Laminar
k 00268 |WimK "l o 1ETIE-D5 |Pas v Flow Conditions T(r.0)=T,
| | Velocity  Entry Region Velocity Fully Developed >
i G“‘Ehk nlut-aliun _m—m§$—€A—MM
Temperature  Ent ion Thermal
| O Circular () Mon-Circular L
I|p 1 om ~ L 20 |cm v | Average Correlation Corner
N 87210
oL Kt Turbulent Flow - Fully Developed
Inlet Flow Information havg 234 Wm2K ) Rough wall
o Gnielinsky Correlation (Smooth Wall) e
O mdot  1.790E-04 kafs - gt 24 W~ ) ! il
e ) Dittus-Boelter Correlation (Smooth Wall) - .
O vdet 033 T [ Adjust Properties for Twall Effects
Oun ws v Bt o sows O Bhatti-Shah (Rough Wl Show Cortelations
h_o 135 WmlK -~
Tme 399 C o~
Tin a7 . - E\ Results - Pressure Drop and Friction Friction Factor
] © Uniformgq's 378 W/ma2 VI aeo 7m0 [W}mz v-| Darcy Friction Factor, f 0.0527 © Haaland Equation
- C . ; )
# 1l e Local Results . 05 Fricion Head Loss, hf 210 ™ ] O SwameeJsin Equation
) Uniform Tinf c e ; ‘
o < S 0.0003 psi - () Colebrook Equation
(Lt W/m2.K e
. T 333 C
Ts 574 C
] th_w mim ————
1 h 15.8 Wim2K -
| " Update
8 iche hmal ey s v e e

Comments:
1. The results indicate 40 °C for the exit mean temperature and 68 °C for the exit surface temperature..
2. The calculated Nu is 8.72, which is much larger than the fully developed value of 3.66. This indicates that
the thermal entry effects were, in fact, important to include.



Example — Low Prandtl Number Flow - Liquid Mercury Flow in a Pipe [Source: Cengel-Ghagar Problem 8.125]

Liquid mercury flows at 0.6 kg/s through a 5-cm diameter tube, with an inlet mean temperature of 100 °C. The tube
surface temperature is kept constant at 250 °C.

a) Determine the outlet mean temperature at x=50 cm.

b) Determine the rate of heat transfer to mercury for this length of pipe.

Heat Trasfer | Thermodynamics Numerical Methods Help

] NS
General Concepts T
Heat Conduction »
| Convective Heat Transfer  » | Background iauid | T, = 250°C /_
[ Thermal Radiation > External Flow » Liquid Hg _ﬁ
Heat Exchangers » [ | Flow » | Hydrodynamics Concepts _—> i s=ssis —
Advanced Tools 2 Natural Convection  » Thermal Concepts _Energy Balance m=0.6kg/s h \
Convection Correlations in Circular Pipes 7, o= 100°C L = 50 cm ———{ T.(L)
Convection Correlations in Non-Circular Tubes X
Enter input data | Tool: Internal Flow Heat Transf I
Fluid Properties
* Choose the default — Select Fluid ———— O Select Fluid O Enter Properties
option and Mecury as the fluid. |Mercury v|
Pressure  1.000 atm |
p kg/m3 | IkgK |
k | ~ ‘W/m‘K bl :Pa.s v I
Geometric Information
* Keep Circular option. ——— O Circular O Non-Circular
* EnterD=5cmandl=50m B 3 cm v L 50 m
Inlet Flow Information
* Enter 0.6 kg/s for mdot. ——————> Omdot 06 lka/s |
O Vot |dm v |
O Uin |mf; v|

Thermal Conditions
* Enter the 100 °C for Inlet

N 100 c v
Temperature. ——
() Uniform q's BRI
* Select the “Uniform Temperature” 3l @ untomTs 250 c v
option and enter 250 °C O Uniform Tinf C
h et W/m2.K
o W/mK
th_w mm

Note: For this problem, due to the very small Pr of mercury, the appropriate liquid metal correlation will be automatically
used.

* Click Update to Solve.



= o
[Fluid Properties Results
© Select Fluid () Enter Properties
Mercury vl
Pressure  1.000 atm Re 13545 Pr 002
p 13233233 [kg/m3 | cp 1361416 [VkgK - Flow Regime  Turbulent
Nuacw. = 1 ;
k 10088 (WmK | g 1128603 [Pas (Flow Conditions
Velocity  Entry Region Velocity < Thermal Ent ion Fully Deve >
Geometric Information < ﬁ ;—~~————~—'y—m-4—1' Fully Developed
© Circular 0 Non<Ci emperature ntry Region Therm
O 5 |em vl L s [“-"" v Avenge Correlation Corner
‘ Nuavg 58378
@:-o —— Turbulent Flow - Fully Developed
Inlet Flow Information havg 11756 [w/m2k | 0 i (] Rough wall
{ W o - £ mm
© mdot 06 lkgis  ~ qtot  8266.0 Wi ; )
e~ ) Dittus-Boelter Correlation (Smooth Wall) -
O Vdot 0,10 {dm | [] Adjust Properties for Twall Effects
Oun 00 il @ Nuo 57675 O Bhatti-Shah (Rough Wall) Show Comdlations
1 v
,\’2): N ho 1614 Vfl/mf.!(
ool Comitione Tmo 2016 C v
< Results - Pressure Drop and Friction -
e 100 c%) To 2500 G Friction Factor
O Uniform qs W/m2 950 562591 ]WNF—VI Darcy Friction Factor, f 0.0000 © Haaland Equation
e e~ LocalResults ;05 Friction Head Loss, b~ 0 m || O swameesaintq
) Uniform Tinf C E )
Nu 5.8168 Pressure Drop 00000 psi v O Colebrook Equation
” W/m2K R
- Tm 1646 fc v
Kw W/mK e DZ 000 m
Ts 250.0 lc v| |
th_w mm | b
h nna |W/m2X v|
it T o

Comments:
The uniform surface temperature liquid metal correlation is used.

3. The results show that roughly 8300 W of heat is transferred to the liquid mercury. The heat transfer coefficient
is 1175.6 W/m2.K.

4. The air exit temperature is about 200 °C.



Example — Prescribed External Temperature and Convection Coefficient — Hot Air in Cold Ambient Environment
[Source: Bergman-Lavine Example 8.6]

Hot air, with an inlet temperature of 103°C, flows with a mass rate of 0.050 kg/s through an uninsulated sheet metal
duct of diameter D =0.15 m and L =5 m, which is in the crawlspace of a house. The heat transfer coefficient between
the duct outer surface and the ambient air at Te. = 0°C is known to be hext = 6 W/(m? - K).

1) Calculate the rate of heat loss (W) from the duct over the length L.

2) Determine the heat flux and the duct surface temperature at x = L.

.HeatTrasfer Thermodynamics  Numerical Methods Help

| General Concepts
Heat Conduction N t‘:'old N 71.=0C , Duct, D=0.15m
| Convective Heat Transfer  » |  Background Hot | ambientair. j, = 6 W/m®K Vs T, ;= 85T
| Thermal Radiation » External Flow > air i
Heat Exchangers L | Flow * | Hydrodynamics Concepts _— SO ‘ﬁé—b
| Advanced Tools v | Natural Convection  » Thermal Concepts _Energy Balance = 0.05 kg/s |I
Convection Correlations in Circular Pipes T =103°C ——L=5m —f T,(L)
Convection Correlations in Non-Circular Tubes e v
Enter input data | Tool: Internal Flow Heat Transfer "
[Fluid Properties
© Select Fluid () Enter Properties
* Choose the default — Select Fluid =~ ————— |Arr -
option and Air as the fluid. R 100 st
p kgmi | ¢ gK ~
k Wimk u Pa.s V

Geometric Information
* Keep Circular option. ———— O Circular O Non-Circular

*  Enter D=0.15m and L=5m — b o1 m ~ L s m ~

Inlet Flow Information

* Enter 0.05 kg/s for mdot. ——» Omdot 005 [kars |
O Vdot |dfm |
O Uin |mis |
Thermal Conditions
* Enterthe 103 °C for Inlet | = 103 c |
Temperature. i —
) Uniferm g°s W/m2
() Uniform Ts C
*  Select the “Uniform Ambient T o -
Temperature” option and enter 0 °C ——
het 69 [W/m2.K |
K_w 400 WimK |
*  Enter 6.0 W/m2.K for the heat thw 1 p—
transfer coefficient.

Note: The problem asks to neglect the duct wall resistance. Here, we specify a very high thermal conductivity and a thin
wall, which results in negligible wall thermal resistance.

= (Click Update to Solve.



Fiuid Properties Results . 1
| © Select Fluid () Enter Properties ac ER (m*2 !
I ] ST
Pressure 1.000 atm - Re 19669 Pr 070
g 08522 Cp .mm_?zgg. imfg_K \,| Flow Regime  Turbulent
| k00313 WimK | g 21S8E-05 |Pas v Flow Conditions
Velocity  Fully Developed Velocity < Thermal Entry Region Fully Developed > !
! : T Fully Develaped T ’
emperature ully Developed Thermal
© Circular () Man-Circular Pt e et el
D 05 m “l L 5 l'"' ”l Average Correlation Corner
Nu S7.8724
s paciea Turbulent Flow - Fully Developed
Inlet Flow Information @_. havg 121 W/m2K ~ o L Rough wall
Gnielinsky Correlation (Smooth Wall)
R 0% s R 2546 W © Dittus-Boelter Correlstion (Smooth Wall ) =
O) Vot . P I Adjust Properties for Twall Effects
O Uin 207 e o Nu_o 50550 () Bhatti-Shah (Rough Wall) Show Correlations
he 1.7 WimK -
Thermal Conditions ®_. Tme 853 !
— Results - Pressure and Friction -
= 103 [c ] = [ [ -] bz Friction Factor
) Uniform q°s Wim2 a0 3383 lm Darey Friction Factor, f 00262 © Haaland Equati
i C = ; .
() Uniform Ts ——— . D Friction Head Loss, b 03935 m ) Swamee-Jain Equation
O Uniferm Tinf C w . - "
Mu 54.27T65 Pressure Drop 0.0005 psi u| O Colebrook Equation
het 60 Wim2K —
Tm 3.7 C
Kw 400 WimkK I DZ 000 m v
aw  [wmk ] . I_IE : m ]
thow 1 mm v k—
h 1.3 Wim2K

o i
B Include Thermal Entry Effects - 38 Wi/m2

Comments:
The Dittus-Boelter correlation is used to be consistent with the approach in the textbook.
5. The results show that roughly 900 W of heat loss from the duct in the basement.
6. The air exit temperature is about 85 °C; the duct surface temperature at the exit is 56.4 °C; the surface heat
flux at the exit is 338 W/m?.



Example — Flow in a rectangular duct with specified properties.

Air at 12°C enters a 2-m-long smooth rectangular duct with a cross-section of 75 mm x 150 mm.

The duct is maintained at a constant surface temperature of 127 °C. The air mass flow rate is 0.10 kg/s.
For air at 350 K and 1atm: p=0.995 kg/m3, Cp=1009 J/kgC, 4=0.0000208 kg/m-s, k=0.030 W/m."C,
(Use Dittus-Boelter correlation and ignore thermal entry effects).

Pr =0.70. Determine the

(a) hydraulic diameter for the duct,

(b) Reynolds number,

(c) Nusselt number,

(d) convection heat transfer coefficient,

(e) air outlet temperature,

Heat Trasfer 'Thermody_'namics Numerical Methods Help

! General Concepts
Heat Conduction »
| Convective Heat Transfer » |  Background
( Thermal Radiation 4 External Flow »
‘ Heat Exchangers 4 \| I | Flow » | Hydrodynamics Concepts ~ .
| Advanced Tools » ‘ Natural Convection » Thermal Concepts Energy Balance :
Convection Correlations in Circular Pipes
Convection Correlations in Non-Circular Tubes | € a 3 |
Enter input data [ Tool: Internal Flow Heat Transfer |
Fluid Properties
* Select “Enter Properties” and enter — O Select Fluid © Enter Properties
values. (Air v
Pressure 1.000 ‘atm v
p 095  |kymd | cp 1009 [kgK ]
k003 (W/mK ~| 00000208 Pas |

Geometric Information
* Change to “Non-Circular: option. —~ % O Circular © Non-Circular

* A form will open up to enter details — |°h m V] L m v




Choose rectangular cross-section and
enter 15 mm and 7.5 mm for a and b.

Click OK. The form will close, and Dh
will be entered in the previous panel

!

Geometric Information
() Circular

© Mon-Circular

Dh 10.0000 cm “l L 2

Enter 2 m for the length.

Enter the 2 °C for Inlet Temperature.

Enter 0.1 kg/s for mdot.

Select the “Uniform Surface

Temperature” option and enter 127 °C

Make sure Thermal Entry Effects is

unchecked.

i® frmConvint_Shapes

O ﬁ L # deg
. s om
a
[+
N —
a 8
—_—
b
@
TITTTTFIITITTT
/o a 15 i o
“ L
0 . 075
4
A
o | 7
s i E -1
# / —_—
o 1 EI°
- i~
,ﬁ L~
T
“ [~
7 : i
0K
Inlet Flow Information
> O mdot 01 kg/s v|
() Wdot |dm »
O Uin ms v]
Thermal Conditions
—  Tin 12 C o
) Uniferm g°s W/ma
+0O Uniform Ts 127 |C -
() Uniform Tinf C
h et Nim2.K
K ow Wm. K
th_ w mm

— | Include Thermal Entry Effects



Correlation Corner

" ) ” Turbulent Flow - Fully Developed
* In the “Correlation Corner” panel, (] Rough wall

) Grilinsky Correlation (Smooth Wal
check ON Dittus-Boelter. @ At e AL € —
©O Dittus-Boelter Correlation (Smooth Wall) O) Adjust Properties for Twall

© Bhatti-Shah (Rough Wall) Show Correlations
The finished form is shown below:
" e
| Fluid Properties Results "
| ) Select Fluid © Enter Properties Ag 1EEDZ mt2
&ir - @ Per 04500  |m -
Pressure 1.000 atm Re 42735 Pr 070

g 08930 Cp  1009.0000 |)/kg.K .,,] Flow Regime  Turbulent
koo [wmk |y 2005 Flow Conditions T(r0) =T, T(r.0)

Velodty _ Ful Developed Vloty Fully Developed >
d I : Temperature  Fully Dev T
el Ll I
gl  OCrdsr  © NonCircer — Fully Developed Thermal
Dh 100000 lcm "’] Lz |m V| HRELA ‘Correlation Corner
Nuavg 100.9923
. Turbulent Flow = Fully Developed
Inlet Flow Information havg 303 Wim2K [ Reugh wall
- . () Gnielinsky Comelation (Smooth Wall) o —
1 e w
Omdot 01 kg . % W8 | IE’ © Dittus-Boslter Correlation (Smoath Wall) () Adjust Propestiesfor Twal
O Vdet 21285 [efm WC o 2 Rlfe
= . : -
Ouin  &m T Muo 1009923 © Bhatti-Shah (Rough Wall) Show Comelations
- e
(d—>no 303 [wmzk |
Thermal Conditions
o H—simo 332 c v - s
T 2o o il To 1270 c - ¥ | Friction Facter |
) Uniform g's Wim2 R o5n0.1 ’—\w,.fmz . Darcy Friction Factor, f 00217 © Haaland Equation
a 127 C e 1.7656 e - -
O Uniform Tz l hdl Local Resulte o 05 Friction Head Loss, hf m ) Swamee-Jain Equation
) Uniform Tinf [s — . :
0 oo e 0.0025 [psi ~|| O Colebrook Equation
Bt WSim2K —
- Tm 265
Kow Wimk —e bDZ 000 m "
T 1270 C
th_w mm —
h 303 Wim2K VJ
~ Update
B s e dox p8e  [wme |




HT-16: Natural Convection over Bodies

Example — Vertical Flat Plate — [Source: Nellis and Klein Example 6.2-1 Modified]

A rectangular plate heater is placed in the ullage space of a fuel tank on a military aircraft (as shown below). One side
of the heater is insulated, and the other is heated. The heater is oriented vertically with respect to gravity and achieves
a nearly uniform temperature. The length of the heater is L = 20 cm, and the width is W = 40 cm. The plate is exposed
to fuel that has properties consistent with methane at T = 40 °C. Assuming a heater power of 100 W, determine the
surface temperature of the heater for fuel at p = 500 kPa, with the plate tilted relative to the horizontal at { = 60 °

(where 0° is horizontal, with the heated surface facing upward). a) neglect radiation, b) use emissivity=0.75.

[ Heat Trasfer | Thermodynamics  Numerical Methods  Help

General Concepts

Heat Conduction 5

Convective Heat Transfer  » |
[ Thermal Radiation »

Heat Exchangers v

Advanced Tools v |

Background
External Flow »

Internal Flow 3
Natural Convection |

insulated side

Introduction

€|

Tool: Natural Convection

Tool: Natural Convection - Channels

Enter input data

Enter Fluid Properties:

*  Select “Methane” from Fluid
Library.

* (Change the pressure to 500
and select kPa for unit.

Geometric Information:

* Select “Case g” Inclined Plate.
* Enter the plate dimensions and
tilt angle.

Thermal Conditions:

* Enter 40 °C for ambient temperature
* Change to Specified Q,, (total heat rate)

* Enter 100 W for Plate Heat Rate

Click “Update” to Solve.

W=40cm

horizontal —_

Fluid Properties
© Select Fluid () Enter Properties
Methane x 500 m v
p kg/m3 | Cp ikgK
WimK | i Pas ~
5 "o
Geometric Information
Select Geometry
Case g: Inclined Plate
L 20 lem -
w 40 moow
a 60 deg
Thermal Conditions
Emnissivity 0.0
Tinf 40 ¢«
() Specified Ts C
© Specified Gtot  100] w V|

L=20c¢m

L |
. g
—g= 100 W -
heated side  |\.{hane
7. =40°C
p =500 kPa




Completed Form:

-
| ¥ Natural Convection = a *

Fluid Properties Parameters
© Select Fluid () Enter Properties Vertical Plate Horizental Plate Horizontal Plate
As 8.0000E-02 Heated or Cooled Upward Heated or Downward Cooled Downward Heated or Upward Cooled
Methane ~ 500 kPa -
| | Per 12000 ' —— —
p 27880  |kg/m3 | cp 23605352 |IikgK - Ty [N I/ l \j u /_\ {\ |
fo 004 W/mkK  ~| @ 1.260E-05 |Pas v Rayleigh No /A O Fix ) t
e S L
g M® ik~ PrandtlNo  0.72 0 Fix Casea Case b Casec
Geometric Information Results Vertical Cylinder Long Horizontal Cylinder Long Horizontal Cylinder Inclined Plate
. Heated or Cooled Heated or Cooled Heated or Cooled
Select Geometry Nu_avg D T T
Case g: Inclined Plate v| havg 187 W/mZK D | { T* .
- o) || o amw: (]
L
W 40 an v Qrad (0D W o \ '\\
] 60 deg ~ Qtot 99,95 W 6
Cased C
U_char 0.2 m/'s ~ e ase 8 Case f Caseg
Gravitational Acceleration
Gravity 9.81 | mis2 e | Correlation Selector
Vertical Flat Plate (a Horizontal Plate Upward (b Verical Cylinder (d Sphere (f
e ST TS Eq: A1/A2-Churchill Chu Eq: AS ot S
Emissivity 0.0 Eq: A.6-Nellis, Klein (EES) Vertical Wall with Correction
] Eq: A3
Tinf 40 Horizontal Plate Downward (c Horizontal Cylinder (& Inclined Plate (g
(O Specified Ts 106.9 - Eq: A4-Nellis, Klein (EES) Eq: A7 CH11/CH12 (EES) [« R NES
© Specified Qtot 100.0 " Eq: A.8-Nellis, Klein (EES) CH11-Churchill Chu Raithby and Holland method

e Surface temperature is calculated to be 106.8 °C. This agrees very closely with the value of 106.1 °C, reported in Nelis
and Kline using EES software. The small difference is due to the material properties values used.

b) Include radiation with an emissivity of 0.75.

Thermal Conditions: =
Thermal Conditions

Emissivity 0.75
Tinf 40 € ~|
() Specified Ts o8 C
© Specified Qtot  100.0 (W |

* Change Emissivity to 0.75

Click “Update” to Solve.



o® Natural Convection

() Specified Ts
O Specified Qtot

91.8 =

100.0

Eq: A.4-Nellis, Klein (EES)

= [m] *
Fluid Properties Parameters
© Select Fluid () Enter Properties Vertical Plate Horizontal Plate Horizontal Plate
As 8.0000E-02 Heated or Cooled Upward Heated or Downward Cooled Downward Heated or Upward Cooled
Methane w 500 kPa -
| | Per  1.2000 t ] —
P 28526 kg/m3 | Cp 23387798 |JkgK Grashof No  N/A I/ l \) u ﬂ [\
0.0399 WimK 1.236E-05 |Pa. ~ -
k /m H 22 Rayleigh Mo MN/A [ Fix I e —
0.0030 /K .
g ! Prandtl Ne  0.72 [ Fix Casea Case b Casec
: - Vertical Cylinder Long Horizontal Cylinder Long Horizontal Cylinder Inclined Plate
GEpE [E=Tis ) Heated or Cooled Heated or Cooled Heated or Cooled
Select Geometry Nu_avg ™ D T
Case g: Inclined Plate havg 175 D ‘ T T*
- -4
- G- Wk
L AN
w 4 Qrad  37.60
&0 Ctot 99,94 2]
Cased C Case f Ca:
Uchar 055 ® aee se il
Gravitational Acceleration
Gravity 9.81 | mys2 I | Correlation Selector
Vertical Flat Plate (a Harizontal Plate Upward (b Verical Cylinder (d Sphere (f
Thermal Conditions Eq: A1/A2-Churchill Chu Eq: AS o Sparrow-Gregg
Ermnissivity 0.75 Eq: A.6-Nellis, Klein (EES) Vertical Wall with Correction
Eq: A3
Tinf 40 i

Horizontal Plate Downward (c
Eq: AT
Ecqi: A.8-Nellis, Klein (EES)

Horizontal Cylinder (&
CH11/CH12 (EES)

CH11-Churchill Chu

Inclined Plate (g
[« B2 NE]
Raithby and Holland method

Note:

The surface temperature reduced by 15 °C

The rate of heat transfer by radiation is 27.6 W.




Example — Horizontal Cylinder — [Source: Cengel-Ghagar Problem 9.60]

Thick fluids, such as asphalt and waxes, and the pipes through which they flow are often heated to reduce their viscosity
and thus lower pumping costs. Consider the flow of such a fluid through a 100-m-long pipe of outer diameter 30 cm in
calm, ambient air at 0 °C. The pipe is electrically heated, and a thermostat maintains the pipe's outer surface temperature
at 25°C. Assuming the emissivity of the pipe's outer surface is 0.8, determine the power rating of the electric resistance
heater, in kW, that should be used.

Heat Trasfer | Thermodynamics Numerical Methods Help
{ General Concepts
Heat Conduction

»
| Convective Heat Transfer  » Background
| Thermal Radiation » External Flow ’
Heat Exchangers ’ Internal Flow ’
Advanced Tools » | Natural Convection » Introduction
4" Tool: Natural Convection
Tool: Natural C ion - Ch
Enter Fluid Properties: Fluid Properties Asplal. - Resistance
© Select Fluid (O Enter Properties heater
* Select “Air” from Fluid Library. Air - f atm
Ll ___ TP
Keep pressure at 1 atm » T gk |
(W/mK | p |Pas v
B ik
Geometric Information: Geometric Information
Select Geometry
:  Case e ; ; <]
* Select “Case e” Long Cylinder. | Case & Lang Horizantal Cylinder v
* Enter 100 m for length. L 100 m |
* Enter 30 cm for Diameter.
D 30 m |
Thermal Conditions: Thermal Conditions
Emissivity 0.8
. .
Enter 0.8 for Emissivity. _ 0 c -

* Enter 0 °C for ambient temperature.
* Enter 25 °C for Specified surface
temperature

O Specified Ts 25 C
(O Specified Qtot  20320.4 W

Click “Update” to Solve.



o® Natural Convection

Fluid Properties

Parameters

© Select Fluid () Enter Properties Vertical Plate Horizontal Plate Horizontal Plate
As 9.4248E01 Heated or Cooled Upward Heated or Downward Cooled Downward Heated or Upward Cooled
Air o 1 atm
| | Per  1.2000 ' — —
p 12284 [kg/m3  ~| cp 10067130 [ikgK Bt T I/ | \j \/ /\ [\
0.0252 WimkK 1.774E-05 |Pa. w -
k /m H a2 Rayleigh No  7.7683e07 [ Fix I pre—
0.0035 17K .
g 27 / Prandtl No  0.71 O Fix Case a Case b Casec
: - Vertical Cylinder Long Horizontal Cylinder Long Horizontal Cylinder Inclined Plate
ErrrErE Lz=rls 52374 Heated or Cooled Heated or Cooled Heated or Cooled
Select Geometry Nu_avg ’ D T
Case e Long Horizontal Cylinder v| h_avg 44 D | T* P
SR - WK
L AN
D 30 cm v Qrad  9083.33 W \
Otot  20329.43 W 7]
Cased C Case f Ca
— _ U.char 051 e asee =< °8
Gravitational Acceleration
Gravity 9.1 m/s2 - Correlation Selector
Vertical Flat Plate (a Horizontal Plate Upward (b Verical Cylinder (d Sphere (f
W= TS Eq: A1/A2-Churchill Chu Eq: A5 o Sparrow-Gregg
Emissivity 0.8 Eq: A.6-Nellis, Klein (EES) Vertical Wall with Correction
X Eq: A3
Tinf 0 Horizontal Plate Downward (c Horizontal Cylinder (& Inclined Plate (g
© Specified Ts 25 C Eq: A.4-Nellis, Klein (EES) Eq: AT © CH11/CH12 (EES) Eq: A13
() Specified Qtot 20320.4 W Eq: A.8-Nellis, Klein (EES) () CH11-Churchill Chu Raithby and Helland method

Note:

- The total heat rate is 20.33 kW.

- The average heat transfer coefficient is 4.4 W/m? K.




HT-17: Natural Convection Vertical Channels
Example — Heat Sink Fin Spacing — [Source: Cengel-Ghagar Example 9.3]

A 12-cm-wide and 18-cm-high vertical hot surface in 30 °C air is to be cooled by a heat sink with equally spaced

rectangular-profile fins. The fins are 1 mm thick, 18 cm long in the vertical direction, and 2.4 cm high from the base.

Assuming the base temperature of 80 °C.

a) Determine the rate of heat transfer by natural convection from the heat sink using 20 fins.

b) Determine the rate of heat transfer by natural convection from the heat sink using optimal fin spacing.

c) Determine the rate of heat transfer from the heat sink using optimal fin spacing and including thermal radiation
(emissivity=0.25).

Solution:

a)

Heat Trasfer | Thermodynamics Numerical Methods Help W=0.12
General Concepts r'— =0.12m—{ (’—>1
Heat Conduction

. . H=24cm
Convective Heat Transfer  » [ Background
Thermal Radiation » External Flow ’
Heat Exchangers » Internal Flow » L=0.18
.=\, m
Advanced Tools 4 [ Natural Convection  » Introduction I
8 Took: Natural Convection ______ T
[ Tool: Natural Convection - Channel :
r=1mm—jj— —§}—
Enter input data
Enter Fluid Properties: Floid Propestics ~
© Select Fluid () Enter Properties
* Select “Air” from Fluid Library. | Air o] Pressure 1000 [atm -
p [kg/m3  v| ¢ kgk |
k ‘W/'m.K | u ipa.s 5 ‘
Enter Input:
Input Parameters
* Enter the Width of Heat Sink s w2 em - Note:
. . " | 1. The used can choose to provide number of fins
. L cm ~ . .
Enter the Ver.tlcal Height of — - or fin spacing.
Enter the Height from Base LB - 2. The user may select specified sink temperature
*  Enter the Fin Thickness ——— > ¢t [om - or constant heat flux.
Os mm
* Enter Number of Fins onN 2
* Enter Ambient Temperature ———  Tinf 30 e ~
* Enter Sink Temperature ————— O Constant s &0 |c
» Enter € = 0 to Neglect Radiation —— fm==» 00
O Constant q"s W/m2
Insulate Back

Click “Update” to Solve.



o Natural Convection - Vertical Channels

Completed Form: !

Fluid properties at T, are displayed.

Fin spacing is calculated and displayed. —

Rayleigh number, Nusselt number and

the heat transfer coefficient.

Sopt s the spacing that will result in

max. total heat transfer rate. Smax

results in max heat transfer per fin.

b)

To use optimal fin spacing:
1. Change input from Number of Fins

2. Copy/Paste the value of the Optimal Spacing from

the results to input.
Leave all other parameters unchanged.

Click “Update” to Solve.

* Heat transfer coefficient is increased.
* Heatrateisincreased from 22.9 W to

299 W.

Note: If you repeat the solution using
Smax for the spacing, the heat transfer

coefficient will increase to 6 W/m.k,
the total rate of heat transfer will
decrease to 23.3 W due to reduced
number of fins.

Fluid Properties
© Select Fluid () Enter Properties
! |ﬂir v| Pressure  1.000 |alm ~
P V0GTT kg/m3 | cp 10081260 (VkgK
| |k oo HO19TIE-05 [Pas
Input Parameters
w2 em -
] em v
W24 cm v
| - B mm v
— OS5 5262 mm
ON 20
| Tinf 30 C v
O ConstantT: &0 |c ~ |
Emissivity 0.0 |
() Constant q"s W/m2 |
Insulate Back |
A T e '
=rE Ra 49 b) Constant q¢ ‘
> 049
i el Calculated Heat
b 27 W/m2K Sl 29 W e
: S Transfer rate.
Qrad 00 W v
| ] e
| _ S Qot 229 W v = l
T Smax 128346 [mm ] .
— Trnax C |
L Show Tutorial
to Spacing.
—_— O s 7505 mm ~
ON 20
Results
Ra 1301
Nu 13066
5 10 W/m2K ~ Qenv 299 W ~
Qrad 0.0 w w
Sopt  7.5056 mm
Qtot 209 w ]
Smax  12.8346 mm -
Tmax G
Results
Ra 6506
b Nu 27110
ut l—\
u 60 Wim2K - Qenv 233 w w
Qrad 0.0 W w
Sopt  7.5056 mm
Qtot 233 w ]
Smax  12.8346 mm -
Tmax c




c)

To Include thermal radiation, enter a non-zero value OcC

> Ts 80 C -
for emissivity: Emissivity 025
Click “Update” to Solve.
Results
L . . Ra 1301
* This will result in an additional 5.9 W heat loss
i . . 1.
due to radiation, bringing the total heat transfer R . N - o
rate to ambient to 35.8 W. h 49 |W/m2K = v_~
| Qrad 59 W w
7T mm ~
Sopt  7.5056 Qtet 358 |W »
Srax  12.8346 |"”“
7 Trnax C

Note: The effective radiation surface area is much smaller that the convection surface area due to close spacing between the fins.
Therefore, addition of fins do not significantly enhance the radiation heat transfer here.




Example — Natural Convection Cooling of Vertical PCBs — [Source: Bergman-Lavine Problem 9.59]

A vertical array of circuit boards is immersed in quiescent ambient air at T = 17°C. Although the components

protrude from their substrates, it is reasonable, as a first approximation, to assume flat plates with uniform surface
heat flux q”s. Consider a 60 cm-wide heat sink with boards of height and length H = L =40 cm, 1.5 mm thick, and
spacing S = 25 mm. Assuming each board is populated on both sides and dissipates 88 W, determine the maximum

board temperature and total heat dissipation of this unit.

Heat Transfer | Fluid Mechanics  Thermodynamics  Mumerical Methods  Help
] General Concepts T...!
Heat Conduction 3
| Convective Heat Transfer  » | Background
| Thermal Radiation 3 External Flow »
1 Heat Exchangers b Internal Flow v Circuit
] Advanced Tools r | Natural Convection » | Introduction boards

Tool: Natural Convection

Tool: Natural Convection - Channels

Calculate PCB surface heat flux.

Qboard = 2. (q"s- AJ

"o Qboard _ Qboard
Ts=%4 T20.m
88

q's=————=275W/m?

~ 2004 x04)

*  Select “Air” from Fluid Library
with pressure kept at 1 atm

* Enter 60 cm for the width.

* Enter 40 cm for the length
and the height of the fins.

* Enter 1.5 mm for the Thickness.

* Enter 25 mm for the spacing.

* Enter 17 °C for ambient temperature. ———

* Enter 275 W/m? for the heat flux.

Click Update to solve.

- 5 —

q;

Fluid Properties
© Select Fluid () Enter Properties
Bir v| Pressure 1.000 atm v|
p kg/m3 | cp IkgK |
ko . Wim.K "'.r'| u |P'a.s v|
Input Parameters
— W B0 em e
L 40 cm w
—
g |cm w
t 1.3 |mm ~
L+ O5 5 imm
O N
Tinf 17 C
i) Constant Ts C
Emissivity 0.0
—* O Constant q"s 275 Wim2
[ Insulate Back




1® Natural Convection - Vertical Channels = O >

Fluid Properties
© Select Fluid () Enter Properties - 4\\\

1 Air v| Pressure  1.000 j-’,“ ,\B
“le 1o fkg/m3 v gy 10077243 (koK o ’\l\\

k00276 [WmK v| p 1931805 [Pas | Ter
L
Input Parameters l
- B ] .
L 40 cm w
: y 4 -
0s mm o~
ON 23

Tinf 17

() Constant Ts
Emissivity 0.0

C b
C
© Constantq's 275 Wim2

[ Insulate Back

Results
Ra 275930 b) Constant q
Mu 43241
I . T W/mZK Qcnw w
i Crad w
_—— Gtot  2024.0 W
Smax  35.9301 mm ~
Tmax 74.5 C ~

Show Tutonal

e The maximum board temperature will be 74.5 °C.
e The total heat rate will be 2,024 W.




HT-18: Heat Exchanger Epsilon/NTU Calculator
Example — Heat Exchanger Effectiveness-NTU Relationships

Complete the following table using the automated Epsilon-NTU Tool in AutoTherm.

Heat Exchanger Flow Arrangement Capacity Ratio, Cr NTU Epsilon
Parallel Flow 0.5 2.5

Counter Flow 0.5 2.5

Shell-Tube 2 Tube Passes; Single Shell Pass 0.5 2.5

Shell-Tube 2 Tube Passes; 2 Shell Pass 0.5 2.5

Cross-Flow Both Fluids Unmixed 0.5 2.5

Cross-Flow Both Fluids Unmixed 0.75 0.65
Parallel Flow 0.75 0.65

Solution:

Heat Trasfer | Thermodynamics Numerical Methods Help
General Concepts
Heat Conduction ’
Convective Heat Transfer  »

Thermal Radiation »
Heat Exchangers 4 ‘ Fundamental Concepts
Advanced Tools v Analysis Using Epsilon-NTU

| Tool: Epsilon-NTU
Tool: HX Performance

Tool utilizes a very simple user input panel shown below:

Input
] Select heat exchanger ﬂow arrangemen‘t_ |dJ Shell & Tube: n Shell pass and 2n, 4n, ... tube pass -~
= Enter the capacity ratio. > o |
= Enter Number of shell passes (only for shell-tube).—  no, of Shell passes
= Enter NTU to calculate Effectiveness (performance . sk
mode), or epsilon to get NTU (design mode). © Epsilon Given




Heat Exchanger Flow Arrangement Capacity Ratio, O NTU Epsilon
Parallel Flow 0.5 25 0.651
Counter Flow 0.5 25 0.8328
Shell-Tube 2Tube Passes: Single Shell Pass 0.5 2.5 0.7237
Shell-Tube 2Tube Passes; 2 Shell Pass 0.5 25 0.802
Cross-Flow Both Fluids Unmixed 0.5 25 0.7911
Cross-Flow Both Fluids Unmixed 0.75 1.7885 0.65

Parallel Flow 0.75 Mo Solution 0.65

Note: Epsilon-NTU relations always provide an effectiveness value for all positive NTUs. However, as shown in the last
row, not every positive epsilon yields a valid NTU.



HT-19: Heat Exchanger Performance Analysis Tool
Example — Heat Exchanger Performance — [Source: Nellis and Klein Example 8.3-1]

The cross-flow heat exchanger with both fluids unmixed is used to heat air with hot water. Water enters the heat
exchanger tubing with a mass flow rate of 0.03 kg/s and 60 °C. Air at 20 °C and atmospheric pressure is blown across
the heat exchanger with a volumetric flow rate of 0.06 m3/s. The heat exchanger's conductance has been calculated to
be 58.4 W/K using the compact heat exchanger correlations. Determine the outlet temperatures of the water and air

and the heat transfer rate using the e-NTU method.

Solution:

Heat Trasfer | Thermodynamics Numerical Methods Help

General Concepts

Heat Conduction
Convective Heat Transfer
Thermal Radiation

3

Heat Exchangers

|

Advanced Tools

Tool utilizes a very simple user input panel shown below:

]

Fundamental Concepts
Analysis Using Epsilon-NTU

Tool: Epsilon-NTU

Tool: HX Performance

= Enter the capacity ratio.

= Enter Number of shell passes (only for shell-tube).——

= Enter NTU to calculate Effectiveness (performance
™ O Epsilon Given

Select heat exchanger flow arrangement.

Input

mode), or epsilon to get NTU (design mode).

General Concepts

Heat Conduction
Convective Heat Transfer
Thermal Radiation

Heat Trasfer | Thermodynamics Numerical Methods Help

> Cr |

e |d) Shell & Tube: n Shell pass and 2n, 4n,

w tube pass

™  Mo. of Shell passes

© NTU Given

Heat Exchangers

]

Advanced Tools

Enter input data

Fundamental Concepts
Analysis Using Epsilon-NTU
Tool: Epsilon-NTU

Tool: HX Performance

666

%
°
L

N\

Tube
flow




Hot Side Cold Side
Hot Fluid Cold Fluid
Properties Properties
© SelectFluid () Enter Props © Select Fluid () Enter Props
Select Water > Water “] e U - Select Air
il kg/m3 v| p ’m
Cp Jkg K Cp kg K
Inle Conditions Inlet Conditions
Enter riy, »O mdotH 003 kgis ®) e ‘kg‘(s—vl _
O VdotH cfm - O VdotC 006 mifs |« Enter V,
Enter inlet temp » Thotin 60 |c v Teoldin 20 | v |- Enter inlet temp
HX Details
Se | ect HX Type fro m I|5t —p |€) Cross Flow: both fluid unmixed ~
Select UA for input and Ly w010 x|
enter the value
) Thet_out [
() Teold_out c v|
Oa W~
Click “Solve”.
o8 Heat Exchanger Performance Analysis - (]
Hot Fluid HX Details
Prgpmig &) Cross Flow: beth fluid unmixed w
O SelectFiuid () Enter Props Conax = max(Cp, C.)
|Water ~
— Cynin = min(Cy, C,
p 97950 |kgf’m3 v min (Ch, Co)
C. .
Cp 418796 IfkgK O ua 5840 WK v C = —min - q
— Th,f' Ch Cmax Th_o: Ch
Inlet Conditions () Thet out 49.1 C @
H 0.03 k v
O moat a/s O Tcold_out 339 [ @
O VdotH efm w
Thetin 60 c - Oa 13652 W~ @
Cold Fluid /
Properties Qmax 2883.7 w @
O SelectFluid O Enter Props T, C. . — Coon(Tr —To0) Te.0:Ce
|All " Cr 057 @ max min | Cil
p 119 [kgrm3 . _q Gy (Th.i - Th‘o)
0 00050 e Epsilon 047 @ €= =
- o Gmax  Comin(Thi — Te,)
Inlet Conditions NTU 0.81 @ UA
) mdotC ka/s NTU =
le' n
© VdotC  0.06 mifs
Teold_in 20 C w
Show Tutonal

. The outlet temperature of water is 49.1 °C.
The outlet temperature of air is 38.9 °C.

. The total rate of heat transfer between water and air is 1365.2 W.
The maximum heat transfer rate (Q,,,4,) is 2883.7 W.

. The capacity ratio is calculated to be 0.57.
. The heat exchanger effectiveness is calculated to be 0.47.
. The number of transfer units (NTU) is 0.81.







Example — Heat Exchanger Design — [Source: Bergman-Lavine Problem 9.59]

Hot exhaust gases (cp = 1080 J/kg - K), which enter a finned-tube cross-flow heat exchanger at 300 °C with a flow rate
of 1.75 kg/s, leave at 100°C and are used to heat pressurized water at a flow rate of 1 kg/s from 35 °C. The overall
heat transfer coefficient based on the gas-side surface area is Un = 100 W/m2.K. Determine the required gas-side
surface area A and the outlet temperature of water.

Solution:

Heat Trasfer | Thermodynamics Numerical Methods Help Finned-tube. cross-flow

General Concepts Ty heat exchanger,
Heat Conduction » Uy, = 100 W/m?K
Convective Heat Transfer » l Both fluids unmixed
Thermal Radiation »
Heat Exchangers » | Fundamental Concepts
Advanced Tools » Analysis Using Epsilon-NTU .., —» —-8 T,
Tool: Epsilon-NTU
| Tool: HX Performance
Enter input data
Th.n
Hot Side Cold Side
Hot Fluid Cold Fiuid
Properties P
O SelectFiuid @ Enter Props Io Select Fluid () Enter Proj
. / ps
Select user-defined L = a— ik Select water
to enter ¢, manually —
-.\ ! |7kg,am3 h P |kg,."m3 w
Cp 1080 Jikg.K Cp Jkg.K
Inlet Conditions Inlet Conditions
. e Enter m
Enter i, » O mdotH 175 kals - © mdotC 1 kg/s ¢
O VdotH pre = O VdotC cfm v
Enter inlet temp > Thotin 300 e~ Teoldin 33 c vl Enter inlet temp
HX Details
Select HX T\,r'pe from |ISt ——————— €] Cross Flow: both fluid unmixed >
O uaA [wrk

Select outlet temp for the gas ——— g 110 ot 10 c ~

(O Teold_out C -

Oa w v




Click “Solve”.

NoOUkwN

o® Heat Exchanger Performance Analysis

Hot Fluid

Properties
O Select Fluid

Gas

© Enter Props

HX Details

&) Cross Flow: both fluid unmixed w

O ua 3833.87 WK v @

© Thot_out 100.0

O Teold_out 125.5 C \/|

p 000 [kgrm3
Cp 1080.00 Jkg K
Inlet Conditions
© mdotH 175 [kais  ~
O VdotH |efm
Thotin 300 e ]
| |Cold Fluid
Properties
© Select Fluid () Enter Props
Water v ‘
p 99378 kg/m3
Cp 417300 Jikg K
Inlet Conditions
O mdotC 1 kgl
O VdotC cfm
Teeld_in 35 C b

Ca 378000.0 W @
Qmax  500850.0 W @
a 045 @

Epsilon  0.75 @
NTU 203 ®

Solve

The UA is calculated to be 3833.37 W/K.
Since U is given in the problem statement to be 100 W/m2.K, heat transfer area may be
determined from:

A T — T —
"o, 100

UA 3833

—

The outlet temperature of water is 125.5 °C.
The total rate of heat transfer between hot gas and water is 378 kW.

The maximum heat transfer rate (Q,,,4,) is 500850 W.

The capacity ratio is calculated to be 0.45.

The heat exchanger effectiveness is calculated to be 0.75.

The number of transfer units (NTU) is 2.03.

= [m]
Cinax = max(Cy, Cc)
Cpnin = min(Cy, C.)
C. = Cmin <1
Th.i- Ch max Th.ar Ch
T.:,C T.0 C
e e Gmax = Cmin (Th.i - Tc.i‘) Gor e
e=_9 _ Cn(Thi = Tho)
Gmax Cmin (Th.i - Tc,i)
NTU = va
Cnu'n
Show Tutorial

A,= 38.33m?




Example — Heat Exchanger Design — [Source: Cengel-Ghagar Example 11.8]

A counterflow double-pipe heat exchanger is used to heat water from 20 °C to 80 °C at a rate of 1.2 kg/s. The heating is
to be accomplished using geothermal water available at 160 °C with a mass flow rate of 2 kg/s (assume cp = 4310 J/kg -
K). The inner tube is thin-walled and has a diameter of 1.5 cm. The overall heat transfer coefficient of the heat
exchanger is 640 W/m2. K, determine the length of the heat exchanger required to achieve the desired heating.

Solution:

Heat Trasfer Therrrlggy_n'awrmgg* Numerical Methods Help Hot
General Concepts geothermal | 160°C
Heat Conduction > brine i
Convective Heat Transfer  » Cold 2kg/s [
Thermal Radiation > water | =
Heat Exchangers » | Fundamental Concepts —) g >
Advanced Tools » Analysis Using Epsilon-NTU 50°C ‘*\\ | 80°C
Tool: Epsilon-NTU 1.2 kg/s s D=15cm
| Tool: HX Performance
Enter input data
Hot Side Cold Side
Hot Fluid Cold Fluid
Properties Properties
Select user-defined / O Select Fluid O Enter Props © Select Fluid () Enter Props
il Geothermal H20 Water | 2
to enter ¢, manually Select water
-.\ P |"‘3"fm3 - il |kgfm3 v
Cp 4310 Jkg.K Cp Jkg.K
Inlet Conditions Inlet Conditions
. " Enter m,
Enter 11, > O mdoth 2 lko/s - R L ko/s c
ol JP— (O VdotC ofm
Enter inlet temp b Thotin 160 c . Teoldin 20 |c ™ Enter inlet temp
HX Details
Select HX Type from list ——————* bl CounterFlow -
QO ua [wk -
O Thot_out Ic—v
Select outlet temp for water —— £ © Teold_out 80 c -
Ca (W v




Click “Solve”,

No vk wN

o® Heat Exchanger Performance Analysis — O
Hot Fluid HX Details
Properties b) Counter Flow w
() SelectFluid @ Enter Props Coax = max(C;,, C.)
Geothermal H2O
— Crin = min(Cy, C,
p 000 [kg/m3 min (Ch, Co)
= Cmin
Cp 431000 kg K O ua 3274.19 WK @ C, = =1
| Th,i ' Ch Cimax Th o1 Ch
Inlet Conditions O Thot_out  125.1 c - @ :
O mdotH 2 kgfs
" ks © Teold_out 20.0 |c_v
© VdotH dm  ~
Q 301.1 W~ @
Thotin 160 |c v ©
Cold Fluid /
Properties Qmax 7026 W~ @
© SelectFluid () Enter Props TC‘EJ C‘- G, (T T, ) Tc o C{.‘
= ) —T., !
Water " | cr 058 @ q}llﬂ.l.' min h,i c,l
p 937 kg/m3 - . = 1 _ Ch(Tng — Tho)
Cp 1821 1/kg.K psilon y @ —_———
9 Imax  Comin(Tni — Tei)
inlet Conditions NTU 065 _ @ UA
O mdotC 1.2 kgl NTU =
min
) VdotC dm
-
Teold_in 20 [« ~

The UA is calculated to be 3274.2 W/K.
Since U is given in the problem statement to be 640 W/m2.K, The length can be found:

UA
A, = DL =

UA

(3574.2)

7, = WD)~ 6a0)(m0015)

The outlet temperature of geothermal brine is 125.1 °C.
The total rate of heat transfer between hot gas and water is 301.1 kW.
The maximum heat transfer rate (Q,,4,) is 702.6 kW.

The capacity ratio is calculated to be 0.58.

The heat exchanger effectiveness is calculated to be 0.43.
The number of transfer units (NTU) is 0.65.

=) L-108.6m

Show Tuterial




HT-20: Radiation View Factor Calculator

Example — View factors from plate to cylinders — [Source: Cengel-Ghajar Problem 13-37]

A row of tubes, equally spaced at a distance of 5 cm and with a diameter of 2.5 cm, is positioned between two large
parallel plates. The surface temperature of the tubes is constant at 10 °C, and the top and bottom plates are at constant
temperatures of 100 °C and 350 °C, respectively. If the surfaces behave as blackbodies, determine the net radiation
heat flux leaving the bottom plate.

| | 3
7y = 100°C 5]
: D
@ OO OO @-
T, = 350°C
| | 1
Solution:

From energy balance, the net radiation heat flux leaving the bottom plate (surface 1) is:
. : . 4 4 4 4
G =gn +qi3 =Fno(y -T)+F;0(fy -T3)

With F13 =1-F12, we have:

g =Fno -T3) +(1- Fp)e(@i' -1

The View Factor automated tool can be used to determine F,

W View Factor Tool = [u] x
Please Select Ceometrical Configuration b / ~
1. Choose configuration ——— |Cese-h infinite Plane and Row of Cy ~| i
. D 25 v i i
2. Enter the diameter — W -
. W i
and spacing 5 s em Case-a: Adjeining Inclined Plates Case -a.-:wnmmi Plates fnmrﬂdlw;‘:'v:ﬂmm’w Case-d: Three-Sided Enclosure
) 1 'Y
. i
i
. v
_ - 1. o vty 1 l P
3 CI |Ck Update e ore neers Case-f: Plate and Cylinder Case-g: Concentric Cylinders Row of Cylinders
J i
— | — L ) J' 7j
View Factor Fij
Y i z i L ;
4. View Factor is calculated ———> o0& el X "
¥ Y
Case-i: Aligned Parallel Plates Case-j: Perpendicular Rectangles Cose-k: Parallel Disks Case-I: Cylinder Base to Sidewalls

6 =0l Fp(T —T5) + (- F)(T - T3]
=(5.67 =107 Wim ? - KH)[(0.6576)(623% — 283" K* +(1-0.6576)(623% — 373K "]
=7927 Wim*
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