‘C/D EXPERIMENTAL VALIDATION OF TRANSIENT HEAT
physibel TRANSFER SIMULATION

1. Introduction

The temperature evolution of a small barrel of hot water positioned in a room with almost
constant temperature was measured and compared to the numerical simulation of the
cooling process. 2 simulations were made, one using an analytical formula and another
using the program VOLTRA.

2. Measurement description

A small amount of water in a plastic barrel (total weight 0.578 kg, total external surface
0.0394 m2 was heated up “au bain marie” (Figure 1, left) to about 75 °C. Then it was hung
up in a room with almost a constant temperature (Figure 1, right). The temperature of both
the water and the room were measured each minute during 90 minutes using a Tiny Tag
data logger with an overall accuracy of + 0.7 °C. By hanging up the barrel, the cooling
process passes by convection and radiation only, almost not by conduction.

The spreadsheet cooling experiment&simulation.xlsx reports the measured temperatures.
Table 1 lists the values at a 10 minutes interval.

Figure 1. Heating up of water vessel (left) and cooling down by convection and radiation (right).
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cooling_experiment&simulation.xlsx

3. Analytical simulation

Assumptions:

- The water temperature is isothermal. This is justified by the convection in the water.

- The plastic material is neglected. The total mass is assumed to be water. This is justified
by the relatively small weight of the plastic barrel (21 g or < 4% of the total weight).

- The air temperature equals the radiation temperature of the environment.
This is justified as the experiment was done out of the heating season (September) in a
thermally well insulated room.

Through these assumptions, the heat transfer process can be modeled as a resistance-

capacitor scheme as shown in Figure 2.
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Figure 2. Resistance - capacitor scheme.

The thermal balance of the water can be written as:

_ S(0env=0)
R

de
P = pcV— (1)

This equation simply expresses that the heat exchange between environment and water
volume changes the heat contents of the water volume.

In case of a stepwise change of the environmental temperature 0env from a temperature
Benvo TO O temperature Benvi the solution of this equation is:

S

0 = Oenvi + (Benvo — Benvi) € Rocv" (2)
S surface [m?] of the barrel

Vv volume [m3] of the barrel

R thermal resistance [m2K/W] due to convection and radiation

p water density [kg/m3]

c water specific heat [J/kgK]

time [s]
water temperature [°C]
environmental temperature [°C]
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The thermal resistance R depends on the convection and radiation.

1

_ T*-Tenv
hc+hy

h. = 1.46(0 — eenv)l/3 hy = €0 T-Tenv ©

he convective heat fransfer coefficient [W/mK]

hr radiation heat transfer coefficient [W/mK]
€ emissivity of the surface [-]
c Stefan-Boltzmann constant (=5.67 108 W/m2K4)

The value 1.46 used in the formula of the convective heat transfer coefficient is the one
used for horizontal heat convective heat transfer in EN 6946.
For the emissivity of the barrel surface a value 0.9 is assumed.

The equations (2) and (3) are solved in the spreadsheet
cooling_experiment&simulation.xlsx.

The measured and simulated temperature courses are shown in Figure 3.

Table 1 lists the measured and simulated temperatures at a 10 minutes interval.

The maximum deviation between measurement and analytical simulation is 0.8 °C and
therefore it can be concluded that the quality of the analytical simulation is excellent.
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Figure 3. Measured and simulated water temperature course,
measured environmental temperature course.
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cooling_experiment&simulation.xlsx

4. Numerical simulation
VOLTRA data cooling _experiment.vir

d = 14.662 mm A = 100 W/mK
p = 1000 kg/m3
¢ = 4190 J/kgK

£=09
he = 1.46 AO3W/m2K

Figure 4. Model used for a numerical simulation using the program VOLTRA.

The same assumptions are made as for the analytical solution.
Important data highlights are the following:

- A block with a surface of 50 x 50 mm?2 and a depth of 14.662 mm is used to numerically
model the heat fransfer (Figure 4). The block depth (14.662 mm) is derived from the
volume to surface ratio of the barrel.

- The assumption of an isothermal block is realized through a high thermal conductivity.

- The block is exposed at one side to the known environment. By using the type BC_SKY
radiation and convection are simulated separately. The other block sides are assumed
as adiabatic.

- The convective heat transfer coefficient formula (3) is applied by specifying the CEN-
rule CEN_CON with C2 =1.46/2=0.73 and C3 = 1/3.

- Non-linear radiation is specified (Calculation parameters window).

- Atime step of 10 s is used (Calculation parameters window).

- The initial water temperature (74.5 °C) is obtained by releasing a power of 1.6 W in the
water (as a node boundary condition) at t=0. This power is defined in a step function
(Functions window) with a value 1.6 W at t=0 and with a zero value for t>0.

The spreadsheet cooling _experiment&simulation.xlsx reports the simulation results.
Table 1 lists the measured and simulated temperatures at a 10 minutes interval.

The numerical simulatfion results are almost identical to the analytical simulation results
(maximum deviation is 0.2 °C).

The maximum deviation between measurement and numerical simulation is 0.8 °C and
therefore it can be concluded that the quality of the numerical simulation is excellent.
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cooling_experiment.vtr
cooling_experiment&simulation.xlsx

o | pesered | memred || S e | s |2 e
simulated VOLTRA
[min] [Cl [C] [W/m’K] [Cl [C] ["C] "Cl
0 221 745 12,3 745 0.0 745 0.0
10 223 68,6 1,9 68,7 01 69 0.4
20 22,5 64,1 1,5 63,7 0.4 63,9 0,2
30 225 59,4 1,2 58,3 01 585 01
40 22,5 558 10,9 55,6 0.2 567 0,1
50 22,5 525 10,7 52,3 0.2 52,4 0,1
60 225 49,9 10,4 49,4 0.5 495 0.4
70 22,7 46,9 10,2 46,8 01 46,9 0.0
80 22,7 446 10,0 445 01 446 0.0
g0 2249 42,4 9.8 42,6 0.2 42,6 0.2
100 231 40,6 9.6 40,8 0.2 40,8 0.2
no 22,9 389 9.5 38,2 03 38,3 0.4
120 231 373 9.3 378 05 a7a 0.5
130 231 36,1 9,2 36,5 0.4 36,6 0.5
140 23] 349 9.0 354 05 354 0.5
149 23 33,7 8,9 345 0.8 345 0.8

Table 1. Measured and simulated water temperatures,
and global heat fransfer coefficient (interval 10 minutes).
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  Φ =   S (  θ env − θ ) R = ρ cV   d θ dt


  θ =  θ  env 1 + (  θ  env 0 −  θ  env 1 )    e  −  S  R ρ cV t


  R =  1   h c +  h r


   h c = 1 . 46 ( θ −  θ env  )  1 / 3


   h r = ε σ    T 4 −  T env 4  T −  T env  

