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Abstract
This paper deals with the use of Microsoft Excel as an educational tool for conducting basic
engineering analyses related to thermal-fluid systems. The paper focuses on using Excel and its
Goal-Seek command for solving thermal-fluid problems that require iterative solutions by
presenting three related examples from the subjects of heat-transfer, fluid dynamics, and
thermodynamics. The first example shows how Excel and Goal Seek can be used to solve heatexchanger problems with unknown fluids exit temperatures with the log-mean temperature
difference (LMTD) method. The second example deals with solving type-2 and type-3 flow
problems, while the third example demonstrates the use of property add-ins for determining the
adiabatic flame temperature with Excel and Goal-Seek.
Keywords: Thermal-fluid systems, iterative solutions, Excel, Goal-Seek, property add-ins

1. Introduction
By removing the tedium of traditional analytical methods using hand calculations,
tables, and charts, computers and computer software have become important elements
in engineering education. Instructor and students can now pay more attention to the
particular principle or application under their investigation rather than become
distracted by the computational complexities of solution methods such as those
associated with iterative solutions and solutions of non-linear equations or systems of
algebraic equations. By enhancing the problem-solving skills of students and helping
them to perform parametric and optimisation studies, computer software proved to
increase their curiosity and make them more eager to learn [1-4]. Popular thermal-fluid
textbooks now require the students to use computer software such as Engineering
Equation Solver (EES) [5] and Interactive Thermo-dynamics [6]. Unfortunately, many
academic institutions, particularly in developing countries, cannot afford to acquire
proprietary software for their students. For example, the cost of a single user license
of EES for one year is three times that of a new laptop computer. Therefore, an
increasing attention is now given to Microsoft Excel, which is a general-purpose
software, for illustrating the basic concepts for various engineering subjects [7-11].
Since Excel doesn’t provide built-in functions for thermodynamic properties of fluids,
these have to be determined by using property add-ins. However, property add-ins
aimed at industrial purposes, such as REFPROP [12], are also expensive. Therefore, a
number of academic institutions and individual researchers developed their own
property add-ins. Under the “Excel in ME” project, the mechanical engineering
department and the University of Alabama [13] developed a set of add-ins for thermalfluid analyses. Three of their add-ins, which can be downloaded from their website,
deal with the properties of ideal gases, water-steam, and two refrigerants R134a and
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R22. Two other add-ins deal with psychrometry and compressible flow analyses.
Goodwin [14] also developed an educational Excel add-in called TPX which can also
be downloaded from the Universidad de Navarra website. TPX determines the
thermo-dynamic properties of selected fluids (H2O, H2, O2, N2, CH4 and R-134a). The
author of this paper developed a multi-fluid add-in called Thermax. Thermax provides
nine groups of property functions for various substances including ideal gases, water
and steam, refrigerants, solutions for vapour-absorption refrigeration, atmospheric
and humidified air [15]. A demonstration version of Thermax that provides its
functions for ideal gases, psychrometry, and humid air at high temperatures can be
downloaded from the author’s Researchgate page [16].
The aim of the present paper is to demonstrate the capability of Excel and its “Goal
Seek” feature for dealing with thermal-fluid analyses that require iterative solutions.
Three cases from the subjects of heat-transfer, fluid dynamics, and thermodynamics
are presented. The first case considers the solution of heat-exchanger problems by
using the “ε-NTU” and “LMTD” methods [17]. The ε-NTU method is used when the
simpler LMTD method cannot be applied because the exit temperatures of the two
fluids are not known in advance. However, the ε-NTU method determines the
effectiveness (ε) from complex formulae or charts that can be inaccurately
interpolated. The paper demonstrates that the LMTD method can be used to solve the
problem by assuming one of the exit temperatures and then using Goal Seek to iterate
until all the equations involved are satisfied. The two other cases of thermal-fluid
analyses that require iterative solutions are a type-3 flow problem and the
determination of the adiabatic flame temperatures. Suitable examples have been
adopted from standard textbooks so as to verify the solutions obtained by Excel.

2. Heat-exchanger analysis with unknown exit temperatures
The rate of heat-transfer ( Q ) in a heat-exchanger between hot and cold streams with
constant specific heats and without phase-change is given by [17]:
 h c ph Th,o  Th,i   m
 c c pc Tc,o  Tc,i 
Q  m

(1)

 h , cph, Th,i and Th,o are the mass flow rate, specific heat, inlet temperature, and
Where m
exit temperature of the hot stream, respectively, while m c , cpc, Tc,i and Tc,o are those of
the cold stream. If both the inlet and exit temperatures of the hot and cold stream are
known in advance, then the rate of heat transfer through the heat-exchanger ( Q lmtd )
can also be calculated from [17]:

Q lmtd  UAs Tlmtd

(2)

Where U is the overall heat transfer coefficient, As is the surface area of the heat
exchanger and ∆Tlmtd is the log-mean temperature difference. For a counter-flow heatexchanger, ∆Tlmtd is given by:

Tlmtd 

http://epublications.bond.edu.au/ejsie/vol9/iss1/3

Th,i  Tc,o   Th,o  Tc,i 
ln Th,i  Tc ,o  / Th,o  Tc ,i 

(3)
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This method, called the log-mean temperature difference (LMTD) method, is useful
for determining the required heat-transfer area of a heat-exchanger for a specified
heat-transfer rate. When the exit temperatures are to be determined for a given heatexchanger area and inlet conditions, the method would involve iteration. In this case,
the ε-NTU method is used which estimates the heat-transfer rate from [17]:

Q  Q max

(4)

Where ε is the heat-transfer effectiveness and Q max is the maximum possible heattransfer rate in the heat exchanger, which is given by:

Q max  C min Th,in  Tc ,in 

(5)

In which Cmin is the minimum of the heat capacity rates of the hot stream ( C h  m h c ph )
and the cold stream ( C c  m c c pc ). The method eliminates the iterative solution, but
requires the determination of ε from complex formulae involving the number of
transfer units (NTU=UAs/Cmin) and the capacity ratio (c=Cmin/Cmax) [17]. Although ε can
be obtained more conveniently from charts, the accuracy of the method is
compromised by inaccurate interpolation of the charts.
This type of heat-exchanger problems can easily be solved by using Excel and its “Goal
Seek” feature to perform the iterative solution. To do that we assuming one of the two
exit temperatures and then determine the other temperatures from the balance of
energy. If the exit temperature of the cold stream (Tc,o) is assumed, then the exit
temperature of the hot stream (Th,o) can be calculated from:







 h c p,h  Th,i  m
 c c p,c Tc,o  Tc,i  / m
 c c p ,c
Th,o  Th,i  Q / m



(6)

However, since the fluids exit temperatures are only guessed values, the rate of heat
transfer given by Equation (2) will be different from that given by Equation (1).
Therefore, the guessed value of Tc,o has to be iterated until the absolute difference
between the two heat-transfer rates is minimised. To illustrate this method, consider
the following example which is based on Example 11.9 in Cengel and Ghajar [17].
Example 1: Heat-exchanger with unknown exit temperatures
Hot oil at 150°C is to be cooled by water at 20°C in a 1-shell-pass and 8-tube-passes
heat exchanger. The length of each tube pass in the heat exchanger is 5 m and the tubes
are connected as shown in Figure 1, making one long tube of uniform internal diameter
and thickness. The tubes, which are thin-walled with an internal diameter of 1.4 cm,
are made of copper and the overall heat transfer coefficient is 310 W/m2·°C. Water
flows through the tubes at a rate of 0.2 kg/s, and the oil through the shell at a rate of
0.3 kg/s. It is required to determine the rate of heat transfer in the heat exchanger and
the outlet temperatures of the water and the oil.
Figure 2 shows the Excel sheet developed for solving this example. Cell-labelling is
used and the formulae are shown beside their respective cells. The sheet is divided in
three parts that (i) store the input data required to solve the problem (column A and
B), (ii) perform the intermediate calculations (columns D and E), and (iii) calculate the
rate of heat transfer from Equation (2), (Q_HX), and the difference (Diff) between this
and that calculated by Equation (1), (Q_water).
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Figure 1: Schematic for Example 1 (adopted from Cengel and Ghajar [17])

Figure 2: Excel sheet developed for Example 1

The cell E2 stores the guessed value of exit temperature of water (To,w= 90oC), and the
cell E4 calculates the corresponding exit temperature for oil (To,o) from Equation (6),
which is 58.42oC. As figure 2 shows, the initially guessed exit temperatures lead to a
difference (Diff) of -32.12 kJ/s between the heat-transfer rates calculated by Equations
(1) and (2). The absolute difference between heat-transfer rates from Equations (1) and
(2) should be close to zero at the correct values of To,w and To,o. These values can be
found by trial and error, but Excel allows us to find them in a much easier way by
using the “Goal-Seek” command. The Goal Seek command is found in the “Data tab”,
the “What-If-Analysis” option. Upon selecting Goal Seek, the dialog box shown in
Figure 3.a will appear.

(a)

(b)

Figure 3: Goal Seek dialog box for Example 1; (a) blank form, (b) filled form

Goal Seek requires the “Set cell”, the required numerical value for the Set cell, and the
cell that stores the “influential” parameter to be specified. Figure 3.b shows the
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completed dialog box for this example for which the Set cell is H5 that calculates the
difference in heat-transfer rates (Diff). The required value for the Set cell is “0” which
is to be achieved by changing the value of cell E2 that stores the temperature Tw,o.
Pressing the “OK” button will trigger Goal Seek to iterate until the Set cell attains the
specified value. Figure 4 shows the solution obtained by Goal Seek.

Figure 4: Goal Seek solution for Example 1

The solution found by Goal Seek is To,w =68.288oC, To,o =86.825oC, and Q HX =40.369 kW.
Cengel and Ghajar [17] solved the problem by using the ε-NTU method with c=0.764
and NTU=0.854. They found ε=0.47 from chart and, accordingly, obtained To,w =66.8oC
and To,o =88.8oC. Since Q max =83.1 kW, their Q HX =39.1 kW. Comparison with the present
solution indicates that the precise value for ε is 0.486 and, therefore, the ε-NTU method
underestimated the heat-transfer rate by 3.3%.

3. Solution of type-2 and type-3 flow problems
Frictional head loss (hL) in a pipe depends on a number of factors that characterise the
pipe itself as well as the velocity and viscosity of the fluid being transported. For a
straight pipe with no fittings carrying a viscous Newtonian and incompressible fluid,
the Darcy-Weisbach equation states [18]:
hL  f

L V2
D 2g

(7)

where, f is a friction factor, L the length of the pipe, D its diameter, V the fluid velocity,
and g the gravitational acceleration constant. For a pipe completely full of fluid, the
friction factor (f) is given by the Colebrook-White equation [18]:
 / D
1
2.51
 2.0 log 

 3.7
f
Re f







Re > 4000

(8)

Where ε is the roughness height of the pipe that depends on its material as well as
surface finish, and Re is the Reynolds number ( Re  VD /  , where ν is the kinematic
viscosity of air at the given temperature). Since the friction factor f appears in both
sides of the Colebrook equation, the equation is nonlinear and needs to be solved
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iteratively. Therefore, the Colebrook-White equation is usually approximated by the
explicit Swamee-Jain equation [18]:

5.74
 
f  0.25 / log 10 
 0.9
 3.7 D Re






2

Re > 4000

(9)

Practical pipe-flow analyses using the above relationships between the frictional head
loss, diameter of the pipe, and the fluid flow rate in the pipe can be divided into three
types. A problem of type-1 is that which requires the determination of hL when both
the pipe’s diameter and fluid velocity (or flow rate) are known. In this case, Equations
(7) and (9) can be used directly to determine the friction head loss. In some problems,
referred to as type-2 problems, it is required to determine the flow rate for a specified
hL and pipe diameter. Alternatively, if the pipe diameter is to be determined for a given
hL and flow rate, then the problem is referred to as a type-3 problem. Both type-2 and
type-3 problems require iterative solutions because the friction factor cannot be
determined in advance. The following example demonstrates the solution of a type-3
problem using Excel and Goal Seek. The example is adopted from Example 8.4 in
Cengel and Cimbala [18].
Example 2: Solution of a type-3 flow problem
Heated air at 1 atm and 35°C is to be transported in a 150-m-long circular plastic duct
(ε=0.000045 m) at a rate of 0.35 m3/s (Figure 5). If the head loss in the duct is not to
exceed 20 m, determine the minimum diameter of the duct.

Figure 5: Schematic for Example 2 (adopted from Cengel and Cimbala [18])

The solution can be obtained by calculating the friction head loss at different diameters
of the duct and then selecting the diameter that gives the required value of 20 m. An
iterative solution proceeds as follows:
1. Select a diameter for the inner pipe (D).
2.
3.
4.
5.
6.

Calculate the flow areas of the pipe and velocity of the hot air, V  V / A .
Calculate the Reynolds number in the pipe, Re  VD / .
Calculate the friction factors f from Equation (9).
Calculate the friction head loss (hL) from Equation (7).
If hL ≠20 m, repeat steps 1 to 5.

Figure 6 shows the Excel sheet developed for the solution of this problem using Goal
Seek. The data part shows the information given in the question. The value of the
kinematic viscosity of air (ν = 1.655x10-5 m2/s) was obtained from relevant tables at 35°C
and fixed throughout the calculations. Cell-labelling is applied and Figure 6 reveals
the formulae used in each cell of the calculation part. Figure 6 shows the results of the
calculation for a selected diameter of 0.1 m. As the figure in cell I2 shows, for this
diameter the friction head loss exceeds 2761 m.

http://epublications.bond.edu.au/ejsie/vol9/iss1/3
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Figure 6: Excel sheet developed for Example 2

The required duct diameter that gives a head loss of 20 m can be determined by using
Goal Seek, which will iterate until the friction head loss attains this value. Figure 6 also
shows the completed Goal Seek dialog box for this example. The answer found by Goal
Seek is D ≥ 0.27 m, which is the same answer given by Cengel and Cimbala [18]. A
similar procedure can be used to solve type-2 flow problems by iterating the flow rate
instead of the diameter.
4. Determination of the adiabatic flame temperature
The amount of heat released by a combustion reaction, which is called the heat of
reaction, heat of combustion, or enthalpy of reaction, is the difference between the total
enthalpies of the reactants and the products. This is obtained by applying the first-law
of thermodynamics to the combustion process [19]:
Q

N h  N h
~

~

i i

i i

Pr od

(10)

Re act

~

Where N i is number of moles of component i and hi is the molar specific enthalpy of
the same component which can be calculated from:
~
~
~
hi  (h f0 ) i  hi

(11)

~

Where ( h f0 ) i is the formation enthalpy of component i at standard condition of 25oC
~

and 1 atm and hi is the deviation of its specific enthalpy at the relevant state from
~

that at the standard condition [19]. For constant pressure process, hi depends only on
the relevant temperature which for reactants is that at the start of the combustion
process and for products it is that at the end of the combustion process.
Equation (10) requires the number of moles for both the reactants and products to be
known. The combustion equation for a hydrocarbon fuel CαHβ in excess dry air is:
C H    ( 


4

)O2  3.76 N 2   CO2 


2

H 2 O  dN 2  eO2

(12)

Where, γ indicates the amount of excess air provided for combustion:
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Number of moles of actual air provided for combustion
Number of moles of air needed for stoichiome tric combustion

(13)

For stoichiometric combustion γ = 1, for lean combustion (with excess air) γ > 1 and
for rich combustion (with excess fuel leading to incomplete combustion) γ < 1.
The adiabatic flame temperature (Tf) is the maximum temperature that the combustion
products can reach. This temperature occurs in the limiting case of no heat loss to the
surroundings (Q =0). From Equation (10):

N h  N h
Pr od

~

~

i i

i i

(14)

Re act

Although the summation on the right-side of the above equation can be evaluated
directly from the initial state of the reactants, an iterative process is required in order
to determine Tf since the individual products have different enthalpies at the same
temperature. Therefore, determination of the adiabatic temperature by hand
calculations is both time consuming and inaccurate. However, Tf can easily be
determined with Excel and Goal Seek. The following example that demonstrates the
procedure is based on Example 4.5 in Pulkrabek [19].
Example 3: Determination of the adiabatic flame temperature
Find the adiabatic flame temperature of isooctane (C8H18) burned with 20% excess dry
air. It can be assumed that the reactants are at a temperature of 427oC (700 K) after the
compression stroke.
Unlike the two previous examples that dealt with heat-transfer and fluid flow
problems, the analysis in this example requires enthalpies of the reactants and
products to be evaluated at various temperatures. Therefore, this example requires the
use of a suitable property add-in. In the present analysis, the Thermax property addin is used. Developed by using Microsoft’s Visual Basic for Applications (VBA),
Thermax provides nine groups of user-defined functions for determining the
properties of various working fluids. A subset of the add-in that determines the
thermodynamic properties of ideal gases and humidified air can be obtained from the
author’s page in Researchgate [16]. The procedure for activating the add-in is similar
to that of activating the “Solver” add-in, which is explained by the Excel’s help facility
under the topic “Add or remove an Excel add-in”.
Figure 7 shows the Excel sheet developed for solving this example by using Goal Seek.
To be able to use the same sheet for various fuels and amounts of excess air, it has been
generalised for any hydrocarbon fuel with the formula CαHβ and any amount of excess
air γ (%). The data column of the sheet shows values of α and β, the percentage of
excess air, inlet temperatures of the fuel and air, the exhaust gas temperature, and the
formation enthalpy for each component in the reactants and products. Based on the
given values of α, β, and γ, the sheet calculates the composition of the reactants and
products. The figure reveals the formulae and the add-in property functions used in
each cell in the calculations part. At an exhaust temperature (T_ex) of 1200 K, the heat
released by the combustion process per kmol of the fuel (Qout) is -3,768,068 kJ. The
adiabatic flame temperature is obtained by using Goal Seek to find the exhaust
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temperature at Qout = 0. Goal Seek set-up for this example is also shown in Figure 7.
The value of Tf determined by Goal Seek was 2475 K while the value determined by
Pulkrabek [19] by trial-and-error was 2419 K.

Figure 7: The Excel sheet developed for Example 3 with the relevant Goal seek dialog box

By changing the values of α, β, and γ, the Excel sheet developed for this example can
be used to illustrate the effect of excess air on the adiabatic flame temperature from
different hydrocarbon fuels. Figure 8 shows the variation of adiabatic flame
temperature with the percentage of excess air for isooctane (C8H18), propane (C3H8)
and methane (CH4) as determined by the present sheet. For all three gases, the figure
shows that the adiabatic flame temperature decreases with increasing excess air. The
figure also shows that the adiabatic flame temperature for methane is lower than that
for propane, which is lower than that for isooctane. This clearly indicates that the
adiabatic flame temperature of a hydrocarbon fuel increases with its molar mass.
Adiabatic temperature (K)

3000
C8H18
C3H8
CH4

2800
2600
2400
2200
2000
0

10

20
30
Excess air (%)

40

50

Figure 8: Effect of excess-air on adiabatic flame temperature

Preparation of the plots shown in Figure 8 requires repeating the same procedure for
three fuels and six values of the excess-air parameter (γ). This time-consuming and
possible erroneous process can be avoided by using a macro to record the procedure
of determining Tf for the first fuel only. The macro can then be utilised to determine Tf
for other hydrocarbon fuels after suitably adjusting the values of α and β. Figure 7
shows the macro named “Run” which was used in the preparation of Figure 8.
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5. Conclusions
The three examples presented in this paper demonstrate the effectiveness of Excel for
solving thermal-fluid problems that require iterative solutions via its Goal Seek
command. Utilising this capability in the classroom for dealing with such analyses
without being distracted by their computational complexities, can accelerate the
learning process and improve the students’ problem-solving skills. In this respect, it
should be pointed out that Goal Seek starts the iterative process by the initially
specified value in the changing cell. Therefore, to obtain the best results from Goal
Seek, this initial guess should be physically meaningful and reasonably close to the
anticipated solution. That Goal Seek requires value of the Set cell to be entered
manually and cannot be automatically read from another cell limits the capability of
the tool to single valued optimisation cases. This limitation can be alleviated by using
the Solver add-in instead of Goal Seek. Solver enables Excel to perform multi-objective
optimisation analyses as well as iterative solutions.
Equipped with a suitable property add-in and Solver, Excel is capable of performing
multi-variable optimisation analyses of different types of thermal-fluid systems. The
Colebrook-White equation (8) exposes another limitation of Excel that can be solved
by developing suitable add-ins or user-defined functions (UDFs) with VBA. If
Equation (8) were to be used in solving a type-2 or type-3 problem instead of the
explicit equation (9), then two nested iterations would be involved; an inner iteration
to determine the friction factor from the implicit equation and an outer iteration to
determine the flow rate or pipe diameter. Such nested iterations cannot be handled
easily with Excel. In this case, VBA can be used to develop a UDF for solving the
implicit equation, leaving the Goal Seek command to perform the main iteration. The
developed UDF can also be used to deal with other implicit equations usually met in
thermal-fluid analyses, such as the Soave-Redlich-Kwong (SRK) equation [6].
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