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The many types of heat exchangers can be characterized 

by Àow arrangement and construction. Some common 
examples are parallel Àow heat exchangers, in which both 
Àuids move in the same direction (Figure 1); counter Àow 
heat exchangers, with Àuids moving in the opposite direc-

tions (Figure 2); and cross Àow heat exchangers, where 
one Àuid moves perpendicular to the other (Figure 3). 

The cross Àow exchanger can be arranged so that one 
Àuid is con¿ned to a tube and the other Àuid mixed, or 
both Àuids can be con¿ned to tubes and unmixed. The 
tubes can have any geometry such as Àat or round. 

Shell and tube exchangers with different numbers of 

shells are industrial type exchangers (Figure 4). Compact 

heat exchangers have very large surface areas, typically 

on their gas side. Since the gas side has a much smaller 

heat transfer coef¿cient compared to the liquid side, 
increasing the surface area reduces thermal resistance 

on the gas side. In this type of heat exchanger, the tubes 

have ¿ns on the outside, or parallel plates are attached to 
maximize the air side surface area.  

Figure 4. Shell and tube heat exchanger.

The most fundamental variable in heat exchanger  

design is the de¿nition of the overall effective heat  
transfer coef¿cient, U [1]. The formula is:

Where:  

U =   overall effective heat transfer coef¿cient  
A =   area of the hot or cold side of the Àuids, 
h =   �heat transfer coef¿cient for either the cold or the  

hot side 

R
c
 =  �conduction resistance of the material separating 

the hot and cold Àuids. 
R”

f
 = fouling factor

Heat Exchangers: Theory and Selection

Thermal FUNDAMENTAls

Heat exchangers are devices that transfer heat between two Àuids. They can transfer 
heat between a liquid and a gas (i.e., a liquid-to-air heat exchanger) or two gases (i.e.,  

an air-to-air heat exchanger), or they can perform as liquid-to-liquid heat exchangers. 

These devices are used in many applications, such as air conditioning, gas turbines,  

automobiles and electronics cooling. For example, the radiator in a car is a water-to-air 

heat exchanger that cools the heated water returning from the engine.

Figure 1. Parallel Áow in a heat exchanger.           Figure 2. Counter Áow in a heat exchanger.             Figure 3. Cross Áow heat exchanger. 
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The subscripts h and c refer to the hot and cold sides. 

The term R”
f
 is the fouling factor thermal resistance. The 

fouling resistance is caused by impurities of liquids and 

chemical reactions (e.g., oxidation) that can increase 

the overall resistance between the two Àuids. The above 
equation calculates the overall heat transfer coef¿cient 
based on the hot or the cold side and depending on the 

selection of the area (A). 

Another useful de¿nition is the log mean temperature 
difference (LMTD). To understand this term, consider a 

simple counter Àow heat exchanger as shown in Figure 5. 
The temperature distribution of the two Àuids is shown in 
Figure 6. The hot Àuid enters the exchanger at tempera-

ture T
h,i 

and exits with a temperature of T
h,o

 . The cold Àuid 
enters at temperature T

c,i 
and exits with temperature  T

c,o
. 

The temperature difference between the two Àuids on the 
inlet side of the hot Àuid is designated as ∆T

1
. The tem-

perature difference between the Àuids on the inlet side of 
the cold Àuid is designated as ∆T

2
 .

 

Figure 5. Typical shell and tube heat exchanger. 

 

Figure  6. Temperature distribution of hot and cold Áuids

By writing the conservation of energy equations between 

the inlet and outlet of the two Àuids, and the differential en-

ergy transfer (dq) between the two Àuids on a differential 
distance dx [1], the overall heat transfer between the two 

Àuids can be expressed as:

 

Where U is the overall effective heat transfer coef¿cient, 
and A is the contact surface area between the two Àuids 
on either the cold or the hot side. 

By de¿ning the LMTD as: 
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Solutions, Inc. at:

1-781-769-2800  
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The ATS-619 is made 
from black anodized, 
extruded aluminum, and 
employs ATS’ patent 
pending maxiGRIPTM 

attachment solution. 

The ATS-619 is just 
16.25mm high with a 
footprint of 22mm by 
24mm (LxW) and has  
a thermal resistance  
of 6.11 OC/W at 1 m/s 
(200 ft/m).
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The heat transfer can easily be expressed as;

In complicated Àow paths (such as cross Àow and 
multipass) in heat exchangers with multiple shells and 

tube passes, there are graphs that correlate a correction 

factor F to other variables that are functions of inlet and 

outlet temperatures. The correction factor can be used to 

modify the LMTD as:

Where F is the correction factor and ∆T
lm

,
CF

 is the LMTD, 

if the Àow was assumed to be counter Àow. These cor-
relations, for a variety of heat exchangers, are described 

in detail in the classic book of Compact Heat Exchangers 

by Kays and London [2]. 

The above procedure becomes tedious, if the outlet 

temperatures are not known or easily determined. In this 

case, it becomes an iterative procedure to calculate the 

temperatures: 

1. The outlet temperatures have to be guessed ¿rst. 

2. The LMTD method is then used to calculate the q. 

3. �The outlet temperature can then be found from the 

energy balance. 

This procedure must be repeated until convergence. 

A more convenient procedure has been devised, called 

the Effectiveness-NTU method. To explain this method, a 

few terms need to be de¿ned: 

The effectiveness of a heat exchanger is de¿ned as:

  

Where q is the real heat transfer, and q
max

 is the maxi-

mum possible heat transfer that can be achieved. This 

can be done with a counter Àow and an in¿nite length 
heat exchanger.  

It can be shown that maximum heat transfer is:

 

Another variable, the number of transfer units (NTU), is 

de¿ned as:

  

Where C
min

 is the minimum value of mCp on either the 

cold or the hot side. It is then shown that the effectiveness 

can be calculated as:
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The HFC-100™ Heat Flux Controller is a 

high heat Àux chip simulator capable of 
measuring and controlling the amount of 

heat in a resistive element. It comes with a 

chip simulator capable of dissipating 1kW/

cm2. This system features ATS’ proprietary 

ÀuxSTAGE™, a LabVIEW™ application, 
which automates the use of the system 

and allows the selection of multiple heat 

loads at a speci¿c dwell time. 

Heat Flux Controller
HFC-100



The above relationship has been graphed for numerous 

heat exchanger con¿gurations. Reference 2 provides a 
comprehensive list of these graphs. For example, if the 

mass Àow rates, the inlet temperatures, the overall heat 
transfer coef¿cient and the surface area are all known, 
the designer can easily calculate C

min
, C

max
 and NTU. By 

knowing the type of the heat exchanger, the value of є 
can be found from the appropriate graphs. By calculating 

q
max

 and є, q can be calculated. A simple energy balance 
between the inlet and outlet of the two Àuids will then 
determine the outlet temperatures. A simple example is 

shown below:

	� A 1 KW component is attached to a cold plate. 

A heat sink mounted inside the cold plate draws 

heat from the component. The heat transferred 

from the component to the sink is dissipated 

to the ambient air through a liquid to air heat 

exchanger. The heat exchanger is of a cross Àow 
type, with both Àuids unmixed. It is necessary to 
¿nd the heat sink base temperature. 

	� The input parameters to the problem are  

as follows:

Figure 7. Cooling system using a microchannel [3].

1. q = 1,000 Watts — power dissipation

2. R
hs

 = 0.05 oC/W — Heat sink thermal resistance

3. �h
air

 = 50 W/m2K — Air side heat transfer  
coefÀcient

4. A
air 

= 3 m2 — Air side surface area

5. m
air 

=0.05 (kg/s) — Air mass Áow rate

6. m
water

 =0.1(kg/s) — Water mass Áow rate

7. T
a1

 = 20 oC — Ambient air temperature

The following steps show how to solve the problem:

1. C
air 

= m
air

 CPAir	  

2. C
Wat

 = m
wat

 C
Pwat

	  

3. C
min

 = min(CAir, Cmax
)

	  

4. C
r
 = 

5. NTU = 	  

6. ε = 1- exp[(1/C
r
)(NTU)0.22  {exp[-C

r
(NTU)0.78 ]-1 }]	

    for cross Áow and both Áuids unmixed [2]

7. q = 1,000W 

8.  	

 

9.                  		          , Ànd Tf 2 from here

 

10.	                                  , Ànd T
f 1

 from here

 

11.	   		  Find heat sink base  

			   temperature T
s
 from here.

 

	 T
s
 = 89.1 oC
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The design of a heat exchanger is a complex task and 

requires attention to many parameters. Of utmost im-

portance for a liquid to air heat exchanger are the power 

requirements and size of the pump and fan. The design 

might not be practical if it results in a very low overall 

thermal resistance, but has very a large pressure drop in 

the liquid loop or the air passage through the ¿ns. Other 
factors that must be considered during the design are the 

reliability of the components, cost, size, fouling factors 

and manufacturability. 

Different applications require different design criteria. For 

example, in environments such as electronics cooling or 

aircraft gas turbines, where space is premium, the design 

should be based on minimizing pressure drops, size and 

weight. In an air conditioning system for a building, for 

which size is not an important concern, the design should 

be based on maximizing performance while minimizing 

cost. 

Since the air side is the usual bottleneck, the designer 

must decide which type of ¿ns are best for the particular 
application. Figure 8 shows that the Colburn J factor/fric-

tion factor, as a function of Reynolds number, has the 

highest value for straight ¿ns and lowest value for pin ¿ns 
[3]. The Colburn J factor is directly related to heat transfer 

and is de¿ned as:

 and the Stanton number is de¿ned as:

Where Nu, Re and Pr are the Nusselt number, Reynolds 

number, and Prandlte numbers, respectively.

Figure 8 shows that, if the goal is to have a higher value 

of heat transfer per unit of pressure drop, a straight ¿n 
heat sink is a good choice. Figure 9 shows that if the heat 

transfer per unit of height is important, a pin ¿n sink is a 
suitable choice.

 

Figure 8. �Heat transfer/pressure drop for different Àn stocks used in 
a heat exchanger (ducted Áow) [3].

Figure 9. Heat transfer per unit height for different Àn stocks used in 
a heat exchanger (ducted Áow) [3].
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Nomenclature:
q	 Total heat transfer (W)

h	 Heat transfer coef¿cient (W/m2oC)

T
s
	 Surface temperature (oC)

T
a
	 Ambient temperature (oC)

Re	 Reynolds number

Nu	 Nusselt number

Pr	 Prandtl number

K	 Thermal conductivity (W/moC)

mo	M ass Àow rate (kg/sec)
R	 Thermal resistance (oC/W)

A	 Surface area (m2)

C
p
	 Thermal capacitance (oC/W)

T
h
	 Hot Àuid temperature (oC)

T
c
	 Cold Àuid temperature (oC)

St	 Stanton number

j
H
	 Colburn J factor

T
f
	 Fluid temperature (oC)

Є	 Heat exchanger ef¿ciency

C
min

	 Minimum heat capacity rate (W/oC)

C
max

	 Maximum heat capacity rate (W/oC)

LMTD	 Log mean temperature difference

NTU	 Number of transfer units
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Advanced Thermal Solutions, Inc. is your one- 

stop-shop for solving the most dif¿cult LED/ 
Thermal challenges. We provide innovative  

and cost-effective thermal management and  

mechanical packaging solutions for challenging 

LED lighting applications. 

Our facilities include the most up-to-date software 
tools for analytical and computational modeling  

as well as, full thermal and Àuids laboratories for 
experimental characterization of components, 

boards and systems. 

WE MAKE  
CUSTOM, 
 
COST EFFECTIVE

LED Cooling Solutions

Introducing ATS’s Àexible and robust Candle-

stick Sensor that measures both temperature 

and air velocity for characterizing thermal con-

ditions in electronic systems. The Candlestick 

Sensor is narrow and low pro¿le tominimize 
disturbance of heat Àow in the test domain. 
Its Àexible, plastic-sleeved stem facilitates 
installation and repositioning during the testing 

process. Sensors are calibrated for low (natu-

ral convection) and high velocity Àows. They 
are capable of temperature measurements 

ranging from -30 to +150OC ±1OC. Velocity 

measurements range from 0 to 51 m/s (10,000 

ft/min) ±2%. The sensor’s base is 9.5 mm in 

diameter. Three different heights are avail-

able: 9, 12, and 20 mm. For more information 

on this and other ATS products, or to place an 

order, call 781-769-2800.

Candlestick Sensor


