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NOMENCLATVRE
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: Exposed surface area of fins only (m).

: Cross-sectional area of the pin fin (m?).

: Cross-sectional area of the rectangular fin (m?).
- Area of a single stone (Im®).-

: Cross-sectional area of the trapezoidal fin (m?).

: Total exposed surface area including the fins and unfinned

surface.

: Area of the wall (m).
: Diameter of pin fins (m).

: Convective heat transfer coefficient of air in the cold room

(W/m2.°C).

- Theoretical heat-transfer coefficient (W/m>.°C).
: Conductivity of the stone (W/m>.°C).

: Thickness of the wall (m).

: Length of the fin (m).

: Heat transfer rate (W).

: Temperature of the cold room (°C).

: Temperature of the cold hot (°C).

: Temperature of the of wall hot surface (°C).

: Temperature of the of wall cold surface (°C).
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ABSTRACT

““Heat Transfer in External Stone Walls:

The Effect of Stone Surface Texture”

By

Yousef Moh’d-Said Ibrahim

Supervised by

Dr. Ali Badran

In this work, the effect of surface texture of stone walls on heat
transfer was investigated. Special emphasis were placed on this effect on the
overall heat - transfer coefficient of the wall. The investigation was carried
out experimentally and theoretically. The experimental work was carried out
using the ASTM standard test method designated by C-236. The guarded
hot box apparatus was used to test thermally four different stone walls
common in Jordan, and the stone walls used in the experiment were of the

types of the  saw-cut-surface, the hammered or the locally called
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“Musamsam”, the punched “Mufajjar” and the rough-surface *“Tobzeh”

walls.

It was experimentally found that, among the four walls tested under
the same heat input, the overall heat transfer coefficient of the rough-surface
“Tobzeh” stone wall has the largest U factor. Then next in heat transfer
coefficient was the punched “Mufajjar”, then the hammered “Musamsam”

and finally the saw-cut stone wall.

Theoretical investigation was carried out to find a mathematical model
for heat transfer in these types of stone walls. The model investigated was
that of a plane wall with fins which represent the roughness existent in the
stone surface texture. The fin models under investigation were the
rectangular, pin and trapezoidal fin mpdels. The models show that they
produce close results as those of the experimental data, especially the
trapezoidal fin model which gives a good simulation of the rough-surface

wall.
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CHAPTER 1

INTRODUCTION

The subject of heat transfer has a great impact on all energy problems,
covering the range from the routine task of heating or cooling buildings to
the problems associated with nuclear power generation. As energy costs
have increased, there has been an increasing awareness of the impact on
energy consumption in structures. The tools of prediction and evaluation of
building energy consumption may differ incomplexity and form, but they
must account for the three heat transfer processes (radiation, conduction,
and convection) that take place within the building and between the building
and the environment. While radiation and conduction in the temperature
range applicable to buildings are well understood, convection heat-transfer
processes which have the highest contribution in the building thermal
performance calculations among the other heat transfer modes are typically
dealt with in an imprecise way. The understanding of the influence of
convective heat-transfer processes on the thermal performance of buildings
is necessary to enable the designer and the analyst to i) predict the influence

of design decisions on the energy consumption of a building and/or ii)
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interpret the performance of the building in order to obtain a basis for design

decision in future projects.

Most of the previous studies and analysis of heat-transfer through
building materials did not take into consideration the texture of stone walls.
It is known that in many countries the buildings are constructed mainly from
stone walls with different textures. Thus it becomes important to study the
texture of stone walls in terms of heat transfer especially the branch of

convection heat transfer.

Since the experimental work of Ray in 1920 [1], heét convection has
developed into one of the most studied topics in heat transfer. However,
relatively little theoritical information is available of the effect of complex
geometries on convection heat transfer. Several studies have examined the
effect of roughness on average heat transfer coefficients for vertical
surfac;es. In addition, the accurate values of heat transfer are very important
and vital for many applications. In building design, in order for energy to
have an appropriate weight in decisions , accuracy in energy calculations

must be provided.
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increases the surface area of the wall; Thereby the heat transfer is increased

in a fashion similar to that caused by extended surfaces and fins.

The purpose of this research is to find values of the overall heat
transfer coefficient for various types of local external stone walls
experimentally. Four types of local stone walls is investigated: Saw-cut-type
(smooth surface), Hammered “Musamsam”, Punched “Mufajjar” and Rough

surface type “Tubzeh” (Fig. 1.1).
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CHAPTER 2

LITERATURE SURVEY

An understanding of heat transfer is essential for proper design of
building systems, particularly for those buildings where passive cooling and
heating techniques are employed. Most of the past experimental and
analytical work on convection heat transfer from surfaces have focused on
smooth surfaces. However, the surfaces of buildings are seldom smooth. The
inclusion of surface roughness on heat convection study is of interest from a
fundamental point of view because the effect of roughness on heat
convection flows are not very well understood. It should be clear, however,
that no previous work was found on rough building surfaces of the types
available in local stones. This type of.roughness is characterized by being
highly irregular and of sizes that are beyond the scope of previous works.
Therefore, this survey is intended to show the frontiers of the previous
works rather than to show a connection with those works because, in fact,

there is no real connection.
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The earliest experiments on the effects of surface roughness on heat
transfer are carried out by Prasolov [4] using distributed roughness elements
on the outside surface of horizontal cylinder. The experiments were curried
out in air in the laminar - to - turbulent transition regime. roughness heights
varied from 0.08 to 0.36 mm. Prasolov attributed the increase in heat
transfer to “turbulization” of the flow in the transitional regime. He also
found that the effect of surface roughness on heat transfer depends on the
temperature difference between the wall and the adjacent fluid and the type

of the fluid itself.

Jofre and Barron [5] made their experiments with an isothermal
vertical plate in air. The rough surface consisted of horizontal ribs with
triangular cross sections which where 0.76 mm high. Based upon
comparisons with smooth plate experiments by Eckert and Jackson [6] they
found that the rough surface increased the heat transfer by a factor of about

two.

Fujii, Fujii and Takeuchi [7] examined the effect of rough surfaces on

heat transfer from a vertical cylinder with a constant surface heat flux. They

studied the case with water and oil using a variety of rough surfaces and
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found the maximum difference in the local heat transfer in the turbulent

regime to be of the order of 10 percent.

Sastry, Murthy and Sarma [8] examined the effect of roughness
created by wrapping various gauges of copper wire around a vertical
cylinder. They found that the overall heat transfer was enhanced by up to 50
percent over that of a smooth cylinder. They were apparently unaware of the
earlier work of Fujii et al., and thus did not attempt to explain the difference

between their results and the previous ones.

Anderson and Bohn [9] identified two distinctly different ways by
which the natural convection heat transfer coefficient may be altered due to
roughness. The roughness may introduce disturbances into an overlying
laminar boundary layer, which causes the boundary layer to be in the
turbulent regime. Thus the part of the wall that is exposed to turbulent flow,
which in absence of the roughness would have been in Jaminar flow,
experiences heat transfer augmentation. Another way in which heat transfer
may be altered is through various mechanisms associated with the locally
altered flow near the roughness element. The heat transfer in fully separated
zones may be reduced compared to that of the same location on a smooth

surface. They made their experimental study on the effect of one type of
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surface roughness upon heat transfer in a water - filled cubical enclosure.

The roughness elements used in the experiment consisted of a series of
intersecting grooves. The height of the elements was chosen to be the same
order of magnitude as the thickness of the thermal boundary layer evaluated
analytically. It was concluded that for an isothermal surface, the rough
texture reduced the location of transition by about 5 percent. The results of
their study confinm that the surface roughness can be used to produce heat
transfer enhancement in enclosure flows. They concluded that thereis a
need for further researches with other types of roughness elements to
determine if the large increase in local heat transfer which were measured in
the their experiment can be extended to produce a larger effect upon the

overall heat transfer.
PR
433[63

~

In another recent study. Shakerin et al. [10] determined the heat

transfer characteristics in an enclosure with square-cross-sectioned ribs on

the heated wall. The height of their roughness elements was a multiple of the

boundary layer thickness at the centre of the smooth walled inclosure. The
study was conducted experimentally using a Mach-Zehnder interferometer

and was supported by numerical calculations. The enhancement obtained
with two ribs suggested that the spacing of roughness elements may be

important.
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Bhavnani and Bergles [11] made their experimental studies using
interferometric technique to determine local heat transfer coefficients for
surfaces with repeated ribs and steps (Fig. 2.1). They found that heat
transfer enhancement was possible in laminar natural convection using
transverse roughness elements of proper size and shape. The maximum
increase in average heat transfer coefficient was 32 percent with a step

pitch-to-height ratio of 16.

Composite interferogrames of typical ribbed and stepped test sections
are shown in Figs. 2.2 and 2.3. Fig. 2.4 shows the variation of local heat

transfer coefficients for a ribbed test section with rib-to-height ratio of 8:1

and pitch-to-width ratio of 8:1.
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Another method of study was done by Bhavnani and Bergles [12].
They studied experimentally the heat transfer characteristics of sinusoidal
wavy surfaces on vertical plates maintained at a constant temperature. A
Mach-Zehnder interferometer (MZI) was used in this experimental study. A
schematic of the test is shown in Fig. 2.5. Test sections were fabricated from
aluminium plate. The length of the test section was 152.4 mm. Three test
sections with amplitudes 2.54 mm, 5.08 mm and 15.24 mm were used which

represent a roughness of high order. The lengths of the amplitudes resulted
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in amplitude-to-wavelength ratios of 0.05, 0.1 and 0.3, respectively. A
photograph  of a single test section is shown in Fig. 2.6. a composite
interferogram of the test section with amplitude-to-wavelength 0.1 is shown
in Fig. 2.7. Figures 2.8 to 2.10 show the data obtained with the sinusoidal
surfaces mentioned above. The heat transfer performance was evaluated by
comparing the experimental data with the analytical one. The heat transfer
using the surface with amplitude-to-wavelength of 0.05 was 1.6% greater
than that for a plane plate of equal projected area. The increase in heat
transferred was up to 5.0% for the surface with amplitude-to-wavelength of
0.1 and to 14.1% for the surface with amplitude-to-wavelength of 0.3. The
conclusion of their experimental study was that the heat transfer from the
wavy surfaces, compared to a plane plate of equal projected area, was
enhanced with increasing amplitude-to-wavelength ratios. Furthermore, they
found that increasing the amplitude-to-wavelength ratio of the sinusoidal
surface resulted in an unstable thermal boundary layer which confirms that
rough surfaces induce an early transition to turbulence due’ to the

distabilizing effects of the transverse velocity component.
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Fig. 2.6: Photograph of the sinusoidal test section with amplitude-to
wavelength ratio = 0.3 [12]
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Another study of the thermal performance of wavy surfaces, which
are representations of surfaces of high order of roughness, was done by
Kishinami et. al. [13]. In their study, convection heat transfer from a vertical
wavy surface has been investigated experimentally for the combination of
isothermally heated concave and unheated convex semicircular elements,
and the opposite heating combination. A Mach-Zehnder interferometer was
used. They concluded that the average Nusselt number has a tendency to
decrease up to the third wave of the surface, to increase slightly to the fourth

and fifth waves and to decrease after that.
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Hosni et. al.[14] conducted their study on rough-wall heat transfer in
the turbulent boundary layer. They used four different surfaces in their
experiments. Their work was concerned with heat transfer in smooth,
transitionally rough, and fully rough flow regimes. They conducted their
experiments for the incompressible flow of air over three rough surfaces for
a range of free stream velocity which gives Reynold’s numbers up to 1x107,
The three rough surfaces were composed of 1.27 mm diameter
hemispherical elements spaced 2, 4 and 10 diameters apart, respectively, in
staggered arrays on otherwise smooth walls. As a result of their
experimental investigation, Stanton number (which is an indication of heat
transfer in forced convection) are now available over a wide range of
Reynold’s number for the three well-defined rough surfaces. The results of
the three rough surfaces indicate that there is a different relation between
Staqton number and Reynold number -for each surface. Furthermore, the
Stanton number at a given Reynold number increases with decreasing
roughness spacing, thaé is, as the surface becomes ‘rougher’. The results
indicate also that the magnitude of the roughness effect on heat transfer
increases with decreased roughness element spacing only up to some
‘roughest’ spacing, and as roughness element spacing is decreased more
(and approaches the most densely packed configuration), the magnitude of

the roughness effect on heat transfer diminishes.
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In summary, most of the past researches in convection heat transfer
has been oriented toward metallic surface applications rather than heat-
transfer in stone building materials [15], while the convection problem as it

relates to building external walls clearly has not been addressed .
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CHAPTER 3

THEORETICAL ANALYSIS

In this chapter, the equations used in the calculation and modeling are

discussed, and the mathematical model for the walls is deducted.
3.1 Data Reduction

In calculating heat transfer through walls one may use the following
equation which gives the overall heat-transfer coefficient (U) provided that
the amount of heat transfer (Q) is known and the temperatures of both sides

of wall are known:

o 9 3.1)
AT, -T;)

And if the temperatures at the wall surfaces T, and T, are known, the
thermal conductivity of the wall material may be calculated from the

equation:

__0Oxl 3.2)
AT -T)
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Similar equations may be used to calculate the inside and the outside heat-

transfer coefficients h; and h respectively:

h=—2 (33.)
AT, -T)

e 2 (3.3.b)
A(T,~T))

The above four equations yield the overall heat-transfer coefficient of the
wall, the conductivity of the wall and the convection heat-transfer coefficient
of the air at the cold and the hot sides of the wall, respectively. With the
exception of h, all the parameters in the previous equations are usually taken
as constants properties. For example, h; is constant because all the walls are
usually smooth at the inside and still air conditions exist there, which means
all the parameters that affect the value of the convective heat transfer
coefficient in the hot side is kept consta.nt for all walls. The basic variable is

h which depends on the texture of the external wall surface and the wind

speed.
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3.2 Theoretical Analysis:

3.2.1 Convective Heat-transfer Coefficient

The convective heat-transfer coefficient expressed in equation (3.3)

may be expressed theoretically by the correlation adopted by ASHRAE [2]
in which h is given by:
h, =562+39 v 3.4
Equation (3.4) is applicable for the following conditions:

e The surface is a vertical plane.

¢ The fluid is air.

e The velocity of the air (v) is less than 5 m/s.

¢ Forced convection.

e The temperature of the fluid is betweén 0°C and 25°C
There are other equations for vertical plane surfaces which are velocity
dependent but are for velocities greater than 5 m/s. Based on equation (3.4)
the theoretical convective heat-transfer coefficient may now be computed.
When calculating the theoretical values of the convective heat-transfer
coefficient for a wall of a certain texture, it is assumed that these values

depend only on the wind speed and, because of the capability of the

apparatus used in the experiment, one is 0.5 m/s and the other is 1.6 m/s.
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Using equation (3.4) one may have only two values of the theoretical
convective heat-transfer coefficient for all cases. One for air speed of 0.5
m/s where hy = 7.57 W/m2.K and the other for air speed of 1.6 m/s where
hg = 11.86 W/m2.°C. In this case it is easy to tabulate these results since

there are only two values of hg.

3.2.2 Fin Model

The difference between the smooth-surface wall and the other wall
types is that the other types can be divided into two parts, one is the basic
surface wall, and the other is the extra irregular - shape or rbughness which
basically increases the surface area. The irregular part of the wall may be
modelled to act like a finned surface. Since the stone has an irregular
texture, it is difficult to model the wall with a specific type of fins. There are
different types of fins, the most common of which is the longitudinal. The
longitudinal fin t;an be with rectangular, trapezoidal or an arbitrary cross
section and it acts like ribs attached along the length of a surface as shown

in Fig. 3.1. The equation that represents this type of fins is as follows [16]:

sinh(mL) + (h/ mk) cosh(mL) (3.5)

Q. =kmA (T-T) ,
cosh(mL) + (h/ mk)sinh(mL)
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From equations (3.5) and (3.6) it is recognized that the only
parameters that are unkmown (i.e. not included in the experimental
equations) are L, A and P, and from equations (3.7) to (3.10), Pand A are
related to each other and these equations can be rewritten as:

for a rectangular fin of unit depth:

a=lp_y (3.11)
2

and for a pin fin:

PD (3.12)

The parameter L represents the length of the fin, (i.e. the amount the fin is
protruding the surface) and since the wall has an irregular texture, then the
parameter (L) represents the average height of the irregularities of the stone

surface.
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() - (b)

(c)

Fig. 3.1: examples of extended surfaces: (a) rectangular fin, (b) pin fin
and (c) trapezoidal fin
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Equations (3.5) to (3.12) are applicable for pin fins and longitudinal
fin of rectangular (uniform) cross-section (Fig. 3.1,a and b). Another type of
fins is the longitudinal fin of a trapezoidal (non uniform) cross - sectional
area (Fig. 3.1,c). Itis complicated to derive the equation of the trapezoidal
fin since it has a non - uniform cross - sectional area. An analytical study
was done by Chapman [17] on the trapezoidal fins, and an expression for the

heat flow was concluded as follows :

kow,R ,(2RL")
= (T-T)—=%
L ( 6)10(2”1’2) (3.13)
Where:
R= _._zkf?f*
‘ (3.14)
and
2 .
f: 1+(_w‘_’j
2L (3.15)

L, is the length of the trapezoidal fin. w¢ is the width of the trapezoidal fin.

I, is the modified Bessel’s function of the first kind and of order 0, and I, is

the modified Bessel’s function of the first kind and of order 1.
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3.2.3 Fin Effectiveness:

Following the analysis of Chapman [17] the fin effectiveness may be
analysed as follows:

The term fin effectiveness is defined as “the ratio of the heat transfer rate
from a fin to the heat transfer rate that would be obtained if the entire fin
surface area were to be maintained at the same as the primary surface” [17].
The relations mentioned earlier for the heat flow from various fin shapes

may now be used to deduce equations for the fin effectiveness.
The relations to be developed in this section will simply present the

fin effectiveness as functions of the pertinent thermal and geometric

parameters.
The Straight Fin of Uniform Thickness (Rectangular Fin):

The surface area of the fin per unit depth is 2L so the fin effectiveness

(d,) is given as

0 (3.16)

(Dr
2L hAT

and from equation (3.5) then equation (3.16) can be rewritten as:
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L tann(mz,) 317

P =
mL

The Straight Fin of Trapezoidal Profile:

If the same procedure is followed, equation (3.13) leads to the

following expression for the fin effectiveness (®,) for a trapezoidal fin

_f L(2rL?) (3.18)
‘" LR I,(2RL?)

Pin Fin

The effectiveness of the pin fin can be calculated using the same

procedure:

O = (3.19)

P

tanh(mL , )

mLp
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3.2.4 Array of Fins [17]

The theory discussed in the foregoing section is concemed with
describing the performance of a single fin. However, many applications (like
the case of this work) employing extended surfaces involve the use of an
array of fins attached to the primary surface. Fig. 3.2 depicts such arrays for
straight fins. In such applications it is useful to define a total surface
temperature effectiveness which gives a measure of the performance of the
total exposed surface of the array of fins, that is, both the finned and

unfinned surface.

Fig. 3.2: Array of rectangular fins
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Let

Ar= exposed surface area of fins only.

A = Total exposed surface area, including the fins and unfinned surface.

® = effectiveness for a particular fin shape involved.

Then if the total surface temperature effectiveness (%) is defined as “the
ratio of the actual heat transfer by the array to that it would transfer if its

entire surface were maintained at the base temperature”,

(A, — A, JhWAT — A RAT®
AT (3.20)

T]:

Or
(3.21)

A
n=1-—-L(1-0)

ot

Since AfA. < 1and @ <1, itis apparent thatn < 1. The values of Agand
Ay (or the ratio AfA) is readily evaluated from geometry of the array. For
example, for an array of a uniform (rectangular) fins of length L, thickness
w, spacing on centers & and number of fins n (as shown in Fig. 3.2), one
may deduce

A, =n(2L+w) (3.22)

A, =n(2L+w)+n(8 - w) (3.23)
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A, =n(2L+3)

this implies that

Af - 2L+w
A | 2L+8

Similarly for a trapezoidal fin
A =(2L+w,)xn

A, = n(2L+w2)+n(5 - w,)

A, =n[2L+8 -(w, —wz)]

Af - 2L+ w,
A, ) 2L+3-(w,-w,)

For an array of pin fins:

2
A = n[‘mDL + 2 J
4

nD*
4

A,o,=n(7tDL+ ]+Aw—n

A, =nnDL+A,

33

(3.24)

(3.25)

(3.26)
(3.27)

(3..28)

(3.29)

(3.30)

(3.31)

(3.32)

If heat is to be transferred through a plane wall in which the left side is the

hot side where the air is at temperature T;. The right side is the cold side and
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consists of an array of fins. This side is kept at cold temperature T, and the

air adjacent to it is at T, then the heat transfer through the wall from the hot

air to the cold air is expressed as [17]:

T-T 3.33
Qf = h c 1 ( )

Uh+1lk+—
(Au ! AR

Equation (3.33) is applicable to the type of fins (rectangular, pin or

trapezoidal)

3.2.5 Estimation of The Fin Dimensions

The fin dimensions of the model that represents the wall texture can
be estimated by knowing the volume of the texture material of the stone.

This volume is the same as the volume of the array of fins (Vy)

The volume V, may be found by finding the void volume V, between
the fins . If V, is the total volume of fins and voids, then

Vv, =V, -V, (3.34)

H v

The same applies to fins of irregular shape, such as that of stone walls.
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It is known that the stone has a certain length, a certain width and has
surface irregularities of a certain thickness. Since the texture has an irregular
shape, the void volume (V) must be measured experimentally. This volume
may be measured using the sand box technique. The sand box is simply a
box which has the same dimensions of the stone. The large face is made of
glass (Fig. 3.3). The technique simply consists of filling the space of the
irregular shape by a very fine sand and then measuring the volume of this
sand (Fig. 3.4). This volume is the void volume between the fins (V,).The

total volume (V,) can be measured from the dimensions of the stone inside

the box.i.e. V,is the total volume of the space between the glass face of the
sand box and the straight edge of the stone regardless of the texture. Then

the volume of the fin (V,) can be evaluated using equation (3.34). The fin

volume (V) gives the total volume of the array of fins and not the volume of
a single fin, and since the stones have different dimensions, it is convenient
to evaluate the total volume of fins per wall, which means per 1 m? (the area

of the tested wall). This can be done by the relation:

V.=V X —
f S (stone) A

L)

where A, is the area of single stone . In this case V;can be evaluated for
each stone and then the average volume is to be taken. The dimensions of

the fin can now be estimated for each type of fins

A, (3.35)
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Rectangular Fin

A schematic diagram of the array of rectangular fins is shown in
Fig.3.2. The most acceptable specifications of the array of rectangular fins
that represent a stone wall is when taking the spacing between the fins to be

equal to the width of a single fin, in this case

o7
I

2w (3.36)

the width of a single rectangular fin can be found using the dimensions of the
wall. The wall used in the experiments in this work has a dimension of 1m x
1m, and the rectangular fin has a thickness of 1m (along the width of the

wall). The width of the fin can be found as follows:

5=1 (3.37)
n
and from equation (3.36)
1 (3.38)
W =—
" 2n

where n is the number of fins of the array. since the width is known, the
length of the fin can be computed using the volume of the fins (V¢).The fin

volume of an array of rectangular fins can be expressed as:
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(v; )r =wLn (3.39)

Hence the length of a single fin can be evaluated to be

I = v, (3.40)
" nw,
Pin Fin

The dimensions of the pin fin can be estimated by distributing the fins
on the wall in a symmetrical way, i.e. the distance between any two fins is
the same. In this case, the number of fins along the length (and the width) of
the wall is \lv/n (mathematically expressed). to estimate the dimensions of
the fin, the distance between any two fins must be known. If taking this
distance to be the same as the diameter .of the pin fin (D), then the diameter

can be calculated as follows:

3.4
D=—1 (3.41)
2Jn
Now it is easy to find the length of the fin by using the volume of the fins:
nD? (3.42)

(Vf)p =n 4 Lp
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and hence the fin length is given by:

[ = 4V, (3.43)
?  wnD?
Trapezoidal Fin:

The array of trapezoidal fins has a distance between the centers of the
fins (8) to be the same as the rectangular fin (equation 3.37) whichis
applicable for any array of longitudinal fins. The estimation of its dimension
can take the approach of the schematic diagram of the trapezoidal fin shown
in Fig. 3.1. In this case the width of the trapezoidal fin can be taken as:

3

w =28 (3.44)
4

The small base of the trapezoidal fin (which can be denoted by w,)is

expressed as

1 (3.45)

or

1 (3.46)
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One can take this approach in order to have the volume of the rectangular fin
to be the same as the trapezoidal fin. The length of the trapezoidal fin can be

computed using the fin volume:

47
(Vf )' =2L,n[w, +-:1);w,) (347)
V
I, =- f (3.48)
Iwn

noting that the length of the trapezoidal fin in this case is the same as the

length of the rectangular fin.
3.2.6 Fin Heat Transfer Rate

By knowing the dimensions of each type of array of fins, the
performance of the fin can now be evaluated with the consideration that the
wall is a smooth wall and an array of fins is attached to it. The heat transfer
rate through the wall can be evaluated using equation (3.49):

T,-T (3.49)

[

& =TI (A, JA)h
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or in easier way

0 = -1 (3.50)
s (A?a:/‘q'w)}n}h

where j can take the letters r, p or t denoting for rectangular, pin or
trapezoidal array of fins respectively. The value of heat transfer rate
calculated from the equation (3.50) is to be compared with the experimental

heat - transfer rate taken during the test.
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CHAPTER 4

EXPERIMENTAL RIG AND PROCEDURE

4.1 Introduction:

Thermal performance of many walls can be estimated from the
conductivities and thicknesses of their components. However, some walls
are complicated by the inclusion of structural members, for example, and
tests to find their thermal performance become necessary. When dealing
with specimens that represent real walls, the problem of evaluating the
overall heat - transfer coefficient becomes difficult. The difficulty comes
from the fact that an accurate data of the surroundings must be known (see
equation 3.1). Furthermore, the heat transfer rate through the wall must be
known properly. The solution of this problem is to build an appropriate
device in which a real wall must be built between two rooms (Fig. 4.1), one
room is set in a constant cold temperature, and the other room has a heat
source that gives a known heat rate. In order to assure that all the heat
generated in the hot room is transferred to the cold room through the wall,
another room of larger size is to be built in which it contains the hot room.

The purpose of this room is to artificially make all sides of the test room.
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other than that under test, a perfect insulator. This is done by sensing the
temperature of the hot room and contolling the temperature between the
two rooms to be the same as the temperature of the hot room. In this case it
is guaranteed that all the heat input in the hot room is transferred to the wall
(which means Q is properly known). On the other hand, the surrounding

temperatures of the wall are also well known (Ty and T).

Test FPanel Coid box
Aest ranel

matering box /
Guard box /’

Q

~J

NN NN

Fig. 4.1: Purpose of the test
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The test method accommodates large specimens representing actual

construction. The test method known as the guarded hot box method, covers
the measurements of steady - state thermal transfer properties of building
assemblies. This test method is suitable for building wall, panels, and other
applications of non-homogeneous specimens at similar temperature ranges.

It may alsc be used for homogeneous specimens.

4.2 The Apparatus

The guarded hot box is an apparatus designed to determine thermal
performance for representative test panels and is an arrangement for
establishing and maintaining a desired steady temperature difference across
a test panel for the period of time neces‘sary to maintain a constant heat flux
and steady temperature, and for an additional period adequate to measure
these quantities to the desired accuracy [18]. This test method is considered
as a standard test by the ASTM (American Society for Testing and

Materials) and designated as C 236 test method.

In general the apparatus consists of three main parts: the metering

box, the guarded box and the cold box. Fig. 4.2 shows a schematic
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arrangement of the test panel and of the various major elements of the

apparatus. Fig. 4.2,b and c shows alternative arrangements. There are other
arrangements with the same purpose depending on the application of the
panel. In general, the size of the metering box determines the minimum size
of the other elements of the test. the schematic diagram of the apparatus
used in this work is shown in Fig. 4.3. A picture of the apparatus used in this

work is shown in Fig. 4.4.
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4.3 The metering box

The metering box is the most important part of the apparatus. It has
five well-insulated sides and the 6th is its face against the test panela
photograph of this box is shown in Fig. 4.5. The size of the metering box is
largely governed by the metering area required to obtain a representative
area of the panel. The height of the metering box should not be less than the
width. The depth of the metering box should not exceed the space required
to occupy the necessary equipments. The apparatus used in this research has
a metering box of 1.0 meter height, 1.0 meter width and 1.0 meter depth. It
contains an electrical heating element and a fan for air circu.lation. When the
apparatus is used to test panels in a vertical position, the moderate
circulation resulting from natural convection is sufficient without the use of a
fan as in this research. If the fan is’ used, its motor should be within the
metering box, its electrical input should be as small as possible, and the
input should be carefully measured. If it is necessary to locate the motor
outside the metering box (as in the apparatus used in this research). The heat
equivalent of the shaft power must be accurately measured. In this research,
and because the test panels representing vertical walls, the fan in the

metering box has not been used, and the natural convection was sufficient

and guaranteed.
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The heat is supplied to the metering box by means of an electric
heater. This heater is controlled manually from the outside of the apparatus.
The heat input ranges from 0.0 to 50.0 watt. The contact edges of the
metering box ensure (by a rubber gasket) a tight air seal against the hot
surface of the test panel. The metering box is pressed tightly against the test

panel by steel bolts.

4.4 The Guard Box

The guard box is a five wall enclosure with its facé against the test
sample. This face is called the hot face. It is larger than the metering box and
the metering box is completely inside the guard box. This box is shown in
the same photograph showing the metering box (Fig. 4.5). The main purpose
of the guard box is to ensure that there is no heat escape from the metering
box to the surrounding and all the heat supplied to the metering box is
transferred to the test panel. The dimensions of the guard box is 156 cm

length, 156 cm width and 125 cm depth. It contains four small fans located

in the area between the metering box and the guard box : one above, one
under and two at the sides. The purpose of these fans is to circulate the air

between the metering box and the guard box to ensure that this space has the
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same temperature. Also in this space a differential heater is located. This
heater detects the temperature of the metering box and controls the
temperature of the space between the metering box and the guard box to be
the same as that of the metering box. In this way, it is ensured that the hot
box (guard box and metering box) has the same temperature, and hence the
heat transferred between them is zero. As a result, all the heat supplied to

the metering box is transferred to the test panel.

4.5 The Cold Box

The cold box is a five wall enclosure and its face is against the test
panel facing the opposite side of the hot surface. This surface is the cold
surface. A photograph of the box is shown in Fig. 4.5. This box is kept cold
(at a controlled cold temperature) by means of a refrigerating unit. The
purpose of the cold box is to keep the cold box at a constant (low)

temperature, so that it becomes like the outside condition of the tested wall.

The size of the cold box is governed by the size of the test panel or by
the arrangement of the boxes used. Its dimensions in this work are: 156 cm

length, 156 cm width and 102 cm depth. The cold box is heavily insulated.
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The function of the insulation is just to reduce the required refrigerating
capacity. The refrigerating unit is installed above the cold box and the cold
air is supplied to the box by means of a duct and two small fans, one at each
side of the cold box. The evaporator is located inside the duct above the
cold box. A large fan similar to a ceiling fan is fixed at the centre of the back
wall of the cold box. The speed of this fan is controlled from out side and
has five different speeds. The fan has two functions: first, is to circulate the
air inside the cold box, and second to show the effect of different air

velocities on the heat transfer coefficient.
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Fig. 4.6: A photograph of the cold box




4.6 The Sample Frame

The sample frame is a rigid frame made of steel and has the same
length and width of the two main boxes. A photograph of the future is shown
in Fig.4.7. The frame can be moved by means of four wheels. The thickness
of the frame is 10 cm, thereby allowing the test of walls and panels of

approximately similar thickness.

. can I
i......-nl--.—’._ -
> "

—

-
-

Fig. 4.7: A photograph of the sample frame
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4.7 L\erasuring devices

The variables that were measured during the experiments are:
temperature, heat input and air velocity. Temperature and heat input read

outs are taken by instruments shown in the photograph, Fig. 4.8.

Fig. 4.8: A photograph showing the instruments of temperature and
heat input read outs

4.7.1 Temperature Measurement:

Temperatures were measured using copper - constant (type T)
thermocouples along with a digital read out with 12 selector switch. A

measurement grid is available 5 mm away from each side of the wall and
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each grid is provided with nine measuring points. These two grids were used
to measure the air temperature. In addition, surface temperatures are taken
for five points fixed atthe hot surface, five points fixed at the cold surface
and three points at various locations in the space between the metering box
and the guard box. The temperatures measured are:

1. Hot room temperature (Ty,) averaged from the nine points.

2. Cold room temperature (T.) averaged from the nine points.

3. Hot surface temperature (T,) averaged from the five points.

4. Cold surface temperature (T,) averaged from the five points.

5. Guard box temperature (T,) averaged from the three points.

4.7.2 Heat Input Measurement:

The heat input to the metering box is measured using a watt-meter.
This device measures the electric power consumed by the DC electric heater

and is also controlled from outside the box.

In general, the hot box has a temperature control circuit which can
supply up to 50 watt into a 10 Q heater elements at temperatures in the

range 20 °C to 40 °C. The output from the heater control circuit is direct
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current (DC) which can be measured by an electronic watt-meter to indicate

the power input to the heater. The watt-meter is made by Feed Back Ltd.
Type EW 604. The Guard Box temperature control uses a differential

temperature measurement system which causes the guard box to track the

temperature of the hot box.

4.7.3 Air Velocity Measurement:

The air velocity of the cold room is controlled by a fan switch. The air
movement of the cold room simulates of the outside wind blowing on the

building . It is measured using a propeller vane anemometer.

4.8 Experimental Work Procedure

The test method called the guarded hot box method, is primary

designed for the temperatures encountered in normal building use, however

it is recognized that the method may find application in testing conditions

that are outside this normal range.
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The experimental work in this research was divided into four similar
experiments. Each experiment is concerned with a different type of wall.
The first deals with the smooth-surface stone wall, the second deals with the
hammered “Musamsam” stone wall, the third deals with the punched

“Mufajjar” stone wall and finally the fourth experiment deals with the rough-

surface “Tubzeh” stone wall. Each stage takes the following steps:

Fig. 4.9: Building up the wall inside the frame
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e The first step is building up the wall inside the frame (Fig. 4.9). The wall
is built so that its face is against the cold box and its back is against the
hot box in a manner that it represents an actual wall in the winter. The
size of the wall is 156 cm length, 156 width and 5 cm thickness. The
stones of the wall were constructed together using cement and sand with
ratio of 2:1 sand to cement.

e The second step is to fix five of the thermocouples at the hot surface (as
shown in the photograph, Fig. 4.10), and five at the cold surface and

exactly opposite to the hot surface ones.

NIRRT &=/

-

Fig. 4.10: A photograph showing the thermocouples fixed on the wall
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e The wall is fixed tightly in its place between the two main boxes by

means of steel bolts as shown previously in Fig. 4.8, and the refrigerating
unit is operated with its thermostat setting as low as possible. The heater
in the metering box is also switched on, the maximum power input in this
work was 48 watt, and was arbitrary selected to be the same in all
experiments. The fan in the cold box is switched on and the speed of the
fan is set at a specific speed.

The test conditions are maintained until substantially constant
temperatures and heat flow readings are attained

After a steady state is achieved, and as recommended by ASTM C-236,
the test period is continued at least 8 hours after which two or more
successive four-hour period tests produce results that do not differ by
more than 1% [17]. During this period, data is taken at intervals of one
hour or less. The average of the data for the two or more successive four-
hour periods that agree within 1% are used in calculating the final resuits.
The data th:at are taken during the experiments are the hot surface
temperatures (five readings), the cold surface temperature (five readings),
the metering box temperature (nine readings), the cold box temperature
(nine readings) and the guard box temperature (three readings). To

achieve steady state these readings must be constant. The other data
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(heat input and air velocity) are input data and does not affect on the
steady-state condition.

e Once the test ata certain hot room temperature is completed, the test is
repeated at various hot room temperatures within a reasonable range, say

16 - 28°C.
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CHAPTER 5

DATA AND CALCULATIONS

The detailed data taken during the experiment is included in Appendix
A. Each table represents one required parameter. The data shown below is

the average values :

5.1 Experimental Results

The following tables show the experimental results of this
work, and the temperatures used in the tables are the average values of the

temperatures listed in Appendix A
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Table 5.1: Result for smooth-surface wall (v =1.6 m/s, hy, = 11.86

63

W/(m>.C))
Q Ty T, Ty Te k U h
No| W) | CO | CC) | ¢C) | O |WI/(m.C) W/(m?.C)|Wi(m®.C)
1| 48 16 13 12 6 2.4 4.8 8
2| 48 18 15 14 8 2.4 4.8 8
3| 48 | 20 17 16 10 2.4 4.8 8
4| 48 | 22 19 18 12 2.4 4.8 ]
5 48 24 21 20 14 2.4 4.8 8
6| 48 | 26 | 23 | 22 16 2.4 4.8 8
71 ag | 28 | 25 | 24 | 18 2.4 4.8 8
23 ——E“*\ smooth wal |
i 8 ™~ J=1.8 m/s
— L
-~ 24 \
< N Il
L=< \\\_ —
O o —2\ )
o BN 'l\ N
o =10 \\ v\\\‘
L1\
- AN AW
g - n N\
5 2t M
e \\\_\
= \\\--..
8r "
rJfJ 1I ’; 2 5 3 7 3 Q 10

Fig. 5.1: Temperature distribution through smooth wall (v = 1.6 m/s)
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Table 5.2: Result for Smooth - surface wall (v =0.5 m/s, hy, =7.57

W/(m*.C))
Q Th T, T, Te k | U | - h L
No.| W) { (°O) | °O) | (°O) | (°C) |W/(m.C) W/(mz_;C) W/(m®.C)
1 48 16 11 10 2 2.4 3.43 6
2 48 18 13 12 4 2.4 3.43 6
3 48 20 15 14 6 2.4 3.43 6
4 48 22 17 16 8 2.4 3.43 6
5 48 24 19 18 10 2.4 3.43 6
6 48 26 21 20 12 2.4 3.43 6
7 48 28 23 22 14 2.4 3.43 6
23 —*-3\ smooth wal |
_.Q\\\ v=0.5 m/=z
e NN
= 25 \\\__
— 70\ \\ ]
o o = AN
Q N\
~ AN T T
@ A= SO\ \
5 10— N\ -
5 NN N—
o A '
™ a0l N A,
=y — :
8 - e,
\\"
41 \Q\
—
0 1 1 L - 1 L i L
a } 2 5 5} 7 3 o] 1a

Fig. 5.2: Temperature distribution through smooth wall (v = 0.5 m/s)

distaca {(cm2
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Table 5.4 Result for Hammered wall (v =0.5 m/s, hy, = 7.57 W/(m>.C))

Q Th T, T, T, k U | h1
No., (W) | CO) | (O) | (O | (O) |W/m.C) W/(m*.C) W/(m™.C)
1 48 16 11 10 3 2.4 3.69 6.87
2 48 18 13 12 5 2.4 3.69 6.87
3 48 20 15 14 7 2.4 3.69 6.87
4 48 22 17 16 9 2.4 3.69 6.87
5 48 24 19 18 11 2.4 3.69 6.87
6 48 26 21 20 13 2.4 3.69 6.87
7 48 28 23 22 15 2.4 3.69 6.87
<38 —“‘Dg\ hammered wal |
2 N\ v=0.5 m/z
ﬁ
2 —20_
cau 20 ——% \ \
; Th=18 \\\\\‘\
5 \ ,]\\
S \ n\ .
Q yni — N
2 N
2 O
2 i\ A
\
*r e
U L 1 ! i [l de ] L

4

8

g 7

distace (cm)

66

Fig. 5.4: Temperature distribution through hammered wall (v=0.5 m/s)
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Table 5.5 Result for Punched wall (v =1.6 m/s, hy, = 11.86 VW/(m*.C))

No| W) | CO) | €O) | CC) | CC) |W/m.C)|W/(m®.C)| W/(m>.C)
1 48 16 13 12 8 24 6 12
2 48 18 15 14 10 2.4 6 12
3 48 20 17 16 12 2.4 6 12
4 48 22 19 18 14 2.4 6 12
5 48 24 21 20 16 2.4 6 12
6 43 26 23 22 18 2.4 6 12
7 48 28 25 24 20 2.4 6 12

- 28
8 cunched wal |
28 w=1.3 /s
a 24 \‘“
o N - )
- I oy SNM——— N
S g N\ T W
— ‘ —\\
e ™ th=18 Y - .
3 ~.\ i\
3 N
2 — AN
E‘_ 12r ‘TA ™
Ny
8 -
4 -
U L L 1 1 1 !
] | 4 5 Gl 7 8 g 10

distaecse (omd

67

Fig. 5.5: Temperature distribution through punched wall (v = 1.6 m/s)

All Rights Reserved - Library of University of Jordan - Center of ThesisBepostt



Table 5.6 Result for Punched wall (v =0.5 m/s, hy, = 7.57 W/(m>.C))

QI Tw | Ty | T, | T, kK | U h
No.l (W) | Q) | CO) | €O) | (O) |Wim.C)|Wim®.C)| Wim".C)
1| 48 [ 16 | 13| 12 | 7 2.4 5.33 9.6
2| 48 | 18 | 15 | 14 | 9 2.4 5.33 9.6
3] 48 | 20 | 17 | 16 | 11 2.4 533 9.6
4 48 | 22 | 19 | 18 | 13 2.4 5.33 9.6
5| 48 | 24 | 21 | 20 | 15 24 533 | 96
6 | 48 | 26 | 23 | 22 | 17 24 533 9.6
71 48 | 28 | 25 | 24 | 19 2.4 533 9.6

23 :
B punchaed wal |
i v=0.5 m/s

24 24
~ =0
:_C_)-: 20: 18 \\\\&“\\
2 glhme N \.\\\\\
E ™ ' ~
. h\
D L - T
oo 12 S
£

8-

4-

D ] 1 I [} ] 1 1 1 1

1] | 2 3 4 75 2] 7 8 a 10

distace Comd
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Fig. 5.6: Temperature distribution through punched wall (v = 0.5 m/s)
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Table 5.7: Result for Rough - surface wall (v =1.6 m/s, hy, = 11.86

W/(m*.C))
Q T T, T, T, k U . _h1
No.| (W) | (°C) | (°C) | (O) | (C) |W/(m.C)|WHr®.C)| W/(m".C)
1 48 16 13 12 9 2.4 6.86 16
2 48 18 15 14 11 24 6.86 16
3 48 20 17 16 13 2.4 6.86 16
4 48 22 19 18 15 2.4 6.86 16
5 48 24 21 20 17 2.4 6.86 16
6 48 26 23 22 19 2.4 6.86 16
7 48 28 25 24 21 2.4 6.86 16
pz
28| N N rough wal |
_‘-_5_,\ \ _ v=1.8 n/s
- 24
Aol N
B\ 20 —T\\ \\
- Q_—‘R ——
-. P N
E Ia Ta=18 \\ —_q_'h—_-h-_“_ N\
_:_3- \\ T N
s RN
= N
8 -
4t
D L ) L L 1 ] 1 1 1
a ! 2 3 4 5 B 7 8 2] 10

distare (emd

Fig. 5.7: Temperature distribution through rough wall (v = 1.6 m/s)
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Table 5.8 Result for Rough - surface wall (v =0.5 m/s, hy, = 7.57
W/(m.C))

wiThs o

) [(°C) |FCC)=|7CC (

o

o cril P Al Y00 s b o e
B e B Sl e Tl B e M

- “l(ln;_.C) BARAY s
pow prwem s s iR e | et
e | AT AT U A T A R

16
18 | 15 | 14 | 10 2.4
20 | 17 | 16 | 12 24
2 | 19| 18] 14 24
24 | 21 [ 20 | 16 2.4
26 | 23 | 22 | 18 2.4
28 | 25 | 24 | 20 2.4

[ | A | | D] Ov|n
—
3%

28 rough wal |
28\ v=0.5 m/s

Temperature {(oC)

G ] 1 1 L L L L - H

n | 2 3 4 5 B 7 8 g 0.
distaxas (cml

Fig. 5.8: Temperature distribution through rough wall (v = 0.5 m/s)
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5.2 Error Analysis

Error analysis of the experimental results can be summarised in this
section. The uncertainty of each experimental parameter is summarised in
table 5.9 below which shows uncertainty in the measurements of the three
basic parameters taken in the experimental work. These parameters are: the

heat transfer rate (Q), the length (1), and the temperature (T):

Table 5.9: Uncertainties in the basic measurements (Q, 1 and T)

" Parameter | Instrument | Smallest . |  Uncertainty
SR e reading .|
Q=48 W Wattmeter 1W AQ=%05W
AQ/Q=%+1.042 %
1=0.05m meter 0.00l m Al = £0.0005m
All=%1%
T Thermocouple 1°C AT=%205°C

The uncertainties mentioned in table 5.9 are based on the half of the smallest
reading of each instrument. Based on these values the uncertainties of
calculated parameters can be evaluated as follows:

The area of the wall is A = Im? comes from the multiplication of the length

of the wall (1 m) and the width of the wall (1 m), hence the uncertainty of

the area is given by:
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AA/A = (2)'? (+ 0.0005)

AA/A =+0.0707 %

Error of calculating U, h and k:

Let:

Yu=Tus-T:

Yh=T>-T,

Yy=T-T,

Then the uncertainties of the Y’s can be expressed as:
AYy = [(ATw) + (AT

AYy= [(ATp)? + (AT)’)?

AYyp= [(ATy)* + (AT)H%

72

(5.1)

(5.2)

(5.3)
(5.4)

(5.3)

(5.6)
(5.7)

(5.8)

The values of AY depends only on AT which is £ 0.5 °C, and hence AY=

+0.707 °C for all the values of the equations 5.6 to 5.8. In order to find the

errors associated to U, h, and k equations 3.1 to 3.3 are rewritten as follows:

0
AY,

k= ol
AY,

(5.9)

(5.10)

(5.11)

Hence, by using equations 5.9 to 5.11 the error corresponding to U, k, and h

can be expressed as follows
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2

AU _ l(a0 2+(MT+ AYUT N G.12)
v “j\o A Y,

i 22 (5.13)
2 2 2 7
&Zi[egj [Al] +(AA)+ An)
N l A) \ Y,
5 2 2 272 (514)
h 0 A Y, ) |

using table 5.9 and equation 5.2, equations 5.12 to 5.14 can be rewritten as:

1 (5.15)
.":‘E=¢[1585+[AYU ﬂ
U

17 (5.16)

- 2 (5.17)
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Procedure:

e The values of U, k and h thatare used for calculating the error are the
values in tables 5.1 to 5.8.

e Y is calculated using equations 5.3 to 5.5, and the temperatures are taken
from tables 5.1 to 5.8.

e Y is calculated using equations 5.6 to 5.8.

e Errors are computed using equations 5.15t0 5.17.

From the previous analysis, it is noticed that the error associated with U, k
and h depends on the value of Y, which is a temperature difference. From
tables 5.1 to 5.8 it can be noticed that for each table, Y is constant, and
hence the error of U, kandh is constant for each table. The results of the

error evaluation can be listed in the tables below:
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Table 5.10: Uncertainties in the measurements of U,k and h (v=0.5

m/s)
P8 | | ovmor | | s | i | v
smooth 343 | 24 +0.46 | £0.53

hammered | 3.69 | 2.4 | 6.87 | £0.20 | £0.46 | £0.69 | £5.54 | £19 [ £10.1

punched | 533 | 24 | 9.6 | 1042|046 | £1.10 | £792 | %19 | £11.4

rough 6.0 24 | 12.0 | £0.53 | £0.46 | +1.41 | +8.89 | £19 | £11.7

Table 5.11: Uncertainties in the measurements of U,k and h (v=1.6

m/s)
| omecr | i
8.00 +10.2

hammered | 533 | 2.4 | 9.60 | £0.42 | £0.46 | £1.05 | £7.95 | £19 | £10.9

punched | 6.00 | 2.4 | 12.0 | +0.53 | +0.46 | £1.29 | £8.90 { £19 | +10.8

rough 6.86 | 2.4 | 16.0 | £0.69 | £0.46 | £2.00 | £10.2 | £19 | £12.5
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5.3 Fin Model Results

The fin model is explained theoretically in chapter 3,but here, the
results of this model are explained and presented. First of all, the number of
fins that represent each type of stone is determined. This can be done by
noticing the average number of the domes of one stone. For each type of
stones the number of domes is to be extended to represent the whole wall,
then the average value is taken for all stones of the same type, this number is
the number of fins per wall (1 mz) . In the same manner, the volume of the
fins is measured using the sand box techmique which measures the void
volume, and then the fin volume is measured using the relétion (3.34). The

results are tabulated in table 5.12
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Table 5.12: Estimation of the number of fins and volumes of the walls

77

“eens | no.of fins | void volume | total volume | - fin volume -
walltype | .. | .
D e | e Sfemd)
hammered 400 722.20 297.15
punched 120 7484.70 10000 2515.30
rough 18 29400 500000 20600

Since V¢and n are known, the dimensions of fins can be evaluated as

explained in the previous chapter. For each type of the wall, there are three

types of fin models, and each type has its own dimensions. The results of fin

dimension measurements are tabulated in the following tables(5.13 to 5.15):

Table 5.13: Fin dimensions for rectangular fin model

27.78
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Table 5.14: Fin dimensions for pin fin model

hammered 25.00 1.51

punched 45.64 12.82
rough 117.85 104.97

Table 5.15: Fin dimensions for trapezoidal fin model

Model Heat Flow Rate:

One can theoretically evaluate the heat flow rate of the fin models using the
following steps for each type of fin where the number of fins is taken from

table 5.12 together with the fin volume of the array for each wall type:
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-Rectangular Fin:

1. From table 5.13, w, and L, are taken for each wall type.

2. P, and A, are computed using equations (3.7) and (3.8) respectively.

3. m is computed using equation (3.6).

4. Fin effectiveness (¢) is calculated using equation (3.17).

5. The ratio (AfAw). is computed using equation (3.25) taking into
consideration that & = 2w,

6. The total surface temperature effectiveness (n,) is computed using
equation (3.21)

7. Finally the heat flow rate (Q,) is computed using equation .(3.33).

8. Steps 1 to 7 are repeated for hammered, punched and rough walls.
-Pin Fin:

1. From table 5.14, D and L, are taken for’each wall type.

2. P, and A, are computed using equations (3.7) and (3.8) respectively.
3. m is computed using equation (3.6).

4. Fin effectiveness (¢p) is calculated using equation (3.19).

5. The ratio (A¢A)p is computed using equations (3.30) and (3.32)
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6. The total surface temperature etfectiveness (7)) is computed using

equation (3.21)
7. Finally the heat flow rate (Qp) is computed using equation (3.33).

8. Steps 1 to 7 are repeated for hammered, punched and rough walls.

-Trapezoidal Fin:

1. From table 5.14, w, and L, are taken for each wall type.

2. the parameter f is computed from equation (3.15)

3. R is computed from equation (3.14)

4. Fin effectiveness (¢y) is calculated using equation (3.18).

5. The ratio (AfAu) is computed using equations (3.29).

6. The total surface temperature effectiveness () is computed using
equation (3.21)

7. Finally the heat flow rate (Q,) is computed using equation (3.33).

8. Steps 1 to 7 are repeated for hammered, punched and rough walls.

According to the above steps the results are tabulated in table 5.16

which shows the theoretically evaluated (model) heat transfer rate for

various wall types and using various fin models.
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Table 5.16:Theoretically evaluated (model) heat transfer rate

v=05 /s

hammered | 54.623 56.787

punched § 56.45 56918 | 40.825 | 42.940 | 53.254 | 54.127

rough 51.336 | 50.365 | 41.078 | 41.295 | 47.996 | 47.438

Heat - Transfer Coefficients:

According to the results of the fin model, the heat transfer rate
obtained from the model can now be used instead of the experimental value
in order to obtain the heat transfer coefficients. For each wall type and for
each wind speed, the temperature difference between any two points is the
same for all of the seven tests. This temperature difference is used in

calculating U and h for the model. That is

U= o . , (5.1)
L,-1,

P (5.2)

LT,
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The results are tabulated in tables 5.17 and 5.18 which show theoretically

evaluated (model) convective heat transfer and overall heat transfer

coefficients for various wall types and using various fin models.

Table 5.17;: Theoretically evaluated (model) convective heat-transfer

coefficient
wall b, h, he
ty'pe v=.05 m/s .v=1.6.r.1;1.'.s . s v=16mls v=105 mfs _v;.l.:ﬁmls_
hammered 7.80 1071 6.54 . 8.88 8.11 .. -11.16
punched 11.29 14.23 8.16 10.73 10.65 13.53
rough 12.83 16.78 10.27 13.765 11.999 15.82

Table 5.18: Theoretically evaluated (model) overall heat-transfer

coefficients
type
hammered 4.20 5.95 3.52 T ..4.93 S.Ii 11.16
punched 6.27 7.12 4.54 5.37 5.92 6.77
rough 6.42 7.19 5.13 5.90 6.0 6.78
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CHAPTER 6

DISCUSSION

6.1 Introduction

The experimental results obtained in this work are generally in good
agreement with theoretical prediction. This also agrees well with previous
works which support the fact that there is a significant effect for surface
texture on heat transfer phenomena as summarized previously in the

literature survey.

6.2 Effect of Surface Texture:

From tables 5.1 to 5.8, it is noticed that the overall heat-transfer
coefficient and the convective heat transfer coefficient of the cold room are

dependent of the wall type. and since all the walls are made of the same

material, the heat transfer coefficients depend on the wall texture or

roughness.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



84

Each wall type posseses a certain degree of roughness. The degree of
roughness has its lowest value for the hammered-surface stone, and has a
larger value for the punched stone, and its highest value is for the rough-
surface wall. The effect of surface texture of the wall is summarized in table

6.1 below.

Table 6.1: The relation between the type of the wall and heat-transfer
coefficients

Smooth 4.8(5: - 8.0(-)‘ T .3.43 T 600
Hammered 5.33 9.60 3.69 6.87
Punched 6.00 12.00 5.33 9.60
Rough 6.86 16.00. 6.00 12.00
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From the above table it is clear that the heat-transfer coefficients

increase with the roughness of the wall.

It is known that the value of the heat-transfer coefficient depends
upon a variety of factors such as wind speed, air density, viscosity, thermal
conductivity, specific heat and geometry of the surface. In this research all
of these factors are kept constant except the geometry of the wall surface
and the wind speed, which means that the change of the heat transfer
coefficient depends only on the surface texture and wind speed. It worths
here to note that for each wall, the experiment is curried out for 7 different
steady-state conditions, and for each condition, the values of the overall
heat-transfer coefficient and the convective heat-transfer coefficient
remained constant. This confirms that for each wall type (texture), there is
only one value of the overall heat-transfer coefficient and of the convective

heat-transfer coefficient.

Although all the temperatures were changed during the 7 tests of each
wall, this does not affect on the heat transfer coefficients. This is so because
the state in the cold room is forced convection which means that the velocity

is the only parameter that affect on the value of h and T (equation 3.4).

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



86

6.3 Effect of Wind Speed

Another important factor that affects heat transfer is wind speed. The
experimental results that show this effect can be summarized in table 6.2

below:

Table 6.2: The relation between the wind speed and heat transfer.

0.5 343 1 6.0 | 3.69 | 687 | 533 | 96 | 6.0 | 12.0

1.6 4.8 80 | 533 | 9.6 6.0 12.0 | 6.87 | 16.0

From table 6.2, it is obviously noticed that the heat-transfer
coefficients (overall and convective) df;pend on wind speed. That is to say,
as the wind speed increases, the heat-transfer coefficient increases.

The theoretical values of the convective heat-transfer coefficient for

walls in general are as shown in table 6.3
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Table 6.3: Theoretical values of h (all walls)

Cmisee - | owrmioo)
0.5 7.57
1.6 11.86

These values are based on the correlation made by ASHRAE
(equation 3.4), the equation implies that the convective heat-transfer
coefficient is only velocity dependent. The experimental values do not agree
perfectly with the theoretical ones. The reason is that the correlation does
not take into consideration the surface texture of the wall. On the other hand,
the experimental values of h for both air speeds lie between the minimum

and the maximum experimental values.

The equation of the convective heat transfer coefficient (equation 3.4)
shows that the relation between h and v is linear. In this research the relation
may be linear for each type of stone wall but for each type of stone wall the
slope of the equation increases as the roughness increases which means that
the effect of roughness on (h) increases as the velocity of the air increases,

and hence, for each surface texture there may be a specific linear equation

that relates h with v.
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Upon comparing the above coefficients it can also be noticed that the

effect of increasing the wall roughness is more pronounced than the effect of
increasing the wind speed. The average increasing in h is about 200%, and
in U is about 60% when the wall roughness 1is changed from smooth to
rough. This is larger than the average increase of 33% in h and 28% in U
when the wind speed changes from low to high. This result put more

emphasis on the wall texture from a heat transfer point of view.

Comparing the U values only, it can be seen also that the surface
texture affects those values at wind speed of 0.5 m/s more than it dose at

wind speed of 1.6 m/s.

6.4 Theoretical Fin Model Compared to Experimental Results

The modeling of the wall roughness as fins stems from the fact that
the type of texture of the stone has a shape of an extended surface, and this

extended irregular shape repeats itself through the single stone. In other
words the type of irregularity can be defined, and each texture can be known

just by looking at it, and this is why each type of texture has its own identity
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(hammered “Musamsam”, Punched “Mufajjar” and Rough-Surface

“Tubzeh”).

The concept of modeling here means finding accepted dimensions of
different types of fins that give the same thermal performance of the
different types of texture. The number of fins that is associated with each
type of stone walls does not represent the degree of roughness, but it rather
represents the number of domes of the texture, in other words, it represent

the number of times the irregular shape repeats itself.

From tables 5.13 to 5.15, it is noticed that the fin length (L) has its
greatest value for the rough-surface stone regardless of the fin model used.
This is expected since the rough surface stone has the highest degree of
roughness, and L is an indication of roughness. The second highest value of
L is for the punched stone then for the hammered stone, which is reasonable

again and agrees with the degree of roughness each stone represents.

The dimensions of fins that are tabulated in tables 5.13, 5.14 and 5.15

differ from type to type of stone texture. The largest dimension of fins is for
rough - surface stone, and the lowest is for hammered stone, bearing in mind

that the smooth stone has no fins to measure.
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The model was used to calculate the heat transfer rate according to the

dimensions of each type of fins. The results are tabulated in tables 3.16 to
3.18. From these tables, it is noticed that the heat - transfer rate is not far
from the experimental value of 48 Watt. The values of heat transfer rate
show that the pin fin mode]l always gives values which are less than the
experimental value of 48 Watt. This means that the dimensions of fins used
in the model are rather small. The dimensions of the fins conc;luded from the
models are based on two sources: i) The volume of the array of fins
measured from the sand box technique, and ii) The estimation of the distance
between the fin centers. The length of the fin depends only on the fin volume
(Vo and the distance between the fins. The cross - sectional area depends on
the number of the fins in the array. Since the pin fin model gives values of
heat transfer rate less than the experimental value, this means that the total
effectiveness of the fin is small, i.e. the dimensions of the fin is small.
Looking at the results shown in tables 3.16 to 3.18, one can notice that the
length of the pin fin model is very large, furthermore, it is larger than the
largest protrusion of the stone For example, the largest length of the texture
of the rough-surface is around 5 cm, and from table 3.18 it is almost 10.5 cm
which is far away from the real stone dimensions compared with the

rectangular and trapezoidal fin models. This can be explained in table 6.4
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Table 6.4: Length of fins

- ‘roughness
' gth

et () e

hammered 0.59 1.51 0.59 1.00

punched 5.03 12.82 5.031 10.00
rough 41.20 104.97 41.20 50.00

The reason why the length of the pin fin is large is that the type of the
distribution of the pin fins defers from that of the longitudinal types. This
makes the unfinned area of the stone wall to be large, and since the volume
of the fins is the same for all fin types, the length of the pin fin must be large.
Another reason that makes the unfinned area to be large is the distance
between the fins (8). In this work this distance is chosen to be 2D for pin
fins. The dimensions of the trapezoidal and rectangular fin arrays are within
the reasonable range, and heat transfer calculated theoretically by these
models show that these models are closer to the experimental results than

those of the pin fin.

The trapezoidal model of the rough surface wall shows that this model
does not differ from the experimental value, which means that this model is

a real representative of the rough - surface wall.
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The model was used also to compute the convective and overall heat
transfer coefficients of the different wall types as explained in the previous
chapter. A comparison between the model and the experimental heat transfer
coefficients are shown in tables 6.5 and 6.6 below. The subscriptr, pand t

under h and U in those tables refer to rectangular, pin and trapezoidal fin

models:

Table 6.5: Convective heat coefficient (model versus experiment)

| M| b 7.8 10.71 14.2 12.834 16.8';:
g h, 6.54 8.88 8.164 10.73 10.27 13.67
E h; 8.11 11.16 10.65 13.53 11.999 | 15.83

hexp | 6.87 9.60 9.60. 12.00 12.00 16.00

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Table 6.6: Overall heat-tranfer coefficient (model versus experiment)

93

3 U 2 ~hammered "~ | - punched "~ |~ rough - -°
M| U 4.2 5.95 7.115 6.417 7.19
g Up 3.52 4.93 4.54 5.37 5.135 5.9
E U, 4.37 6.2 5.90 6.77 6.00 6.78
Up| 3.69 5.33 5.33 6.00 6.00 6.87

The same arguments of the heat transfer rate can be made for the heat
transfer coefficients, since the heat - transfer depends linearly on the value
of the heat transfer rate. It can be noticed that the values of the heat transfer
coefficients for pin fin model are always smaller than the experimental

values. Also the values of the trapezoidal model for the rough surface stone

walls are the same as the experimental values.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

From the previous study, one can conclude the followings:

. The overall heat transfer coefficient of the stone wall depends on the type
of texture of the stone wall. The overall heat-transfer coefficient has its
greatest value for rough-surface stone. The heat transfer coefficient is
less for punched stone, then for hammered stone and it is lowest value is
for smooth-surface stone . The value of U may increase from 43% to

75% for a rough (Tobzeh) stone over that of a smooth stone.

. The same is applied for the convective heat-transfer coefficient (h) which

depends on the type of texture of the stone wall. The value of h also

increases as the roughness increases. The value of h may increase up to

200% for a rough (Tobzeh) stone over that of a smooth stone.
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3. The surface texture of the stone wall acts on the wall like fins, and each
type of texture has different fin dimension. The fin model of the stone
walls gives reasonable fin dimensions for each type of texture. There is a
considerable agreement between the fin model and the experimental

results. The best model was that of a trapezoidal fin.
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7.2 Recommendations

. Effort should be made modify the U - values of stone walls listed in the
National Building code of Jordan to take into account the type of stone

wall texture.

. More researches and studies are recommended on various stone textures
such as the “Barrel” type, which was not covered in this work. This type
of texture may compared specially with the “Tobzeh” type of stone to

establish the effect of thickness versus that of surface area.

. The future work should be reported with higher wind speeds up to 6 m/s

to check if the texture effect becomes less significant at high wind speeds

. Other models may be tried for more agreement with the experimental

work, such as hemispherical fins.

. Other types of stone materials may be also tried, such as “Hayyan”,

Ma’in”, ... etc. to study the effect of various stone texture on material

from heat transfer point of view

96
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Following are recommendations to improve the apparatus:

1.1t is highly recommended about the guard hot box apparatus used in this
research to have for its cold room more sensitive thermostat that starts

and stops within a temperature range not more than 1°C.

2. The thermocouples used in the apparatus should have larger accuracy
(say 0.01 °C) since each degree may make a jump in the calculation of

heat-transfer coefficient.

3. The fan circuiting of the cold box should be fixed in order to rotate at
higher speeds to give higher wind speeds as recommended previously in

item 3.

4. A reliable wind anemometer should be installed inside the cold box with
a connection to read out on the out side in order to be able to read the

wind speed while the cold box is completely closed.
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A.1 Smooth-Surface Wall:

APPENDIX A

DATA TABLES

Table A.1: Smooth wall with high speed: metering box

102

Ty (C) - = .

4 5 Tel[ 789

— o R
2 18 18 18 18 18 17 18 18 18
3 20 20 20 20 21 20 21 20 20
4 22 22 22 22 |22 22 22 22 22
5 24 24 24 24 24 24 24 24 24
6 26 26 26 26 27 26 26 27 26
7 28 28 28 28 28 28 28 29 28
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Table A.2: Smooth wall with high speed: guard box

103

. Test o TgCco
& i TEL 3
i 16 16 16
2 18 18 18
3 20 20 20
4 22 22 22
5 24 24 24
6 26 26 26
7 28 28 28

Table A.3: Smooth wall with high speed: cold box

12

14

14

13

14

14

14

14

14

14

16

16

15

16

16

16

16

16

16

18

18

17

18

18

18

18

18

18
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Table A.4: Smooth wall with high speed: wall hot surface

104

Tet |

ST CO)

13

13

13

13

13

15

15

15

15

16

16

17

17

17

17

19

19

20

19

19

21

21

21

21

21

23

23

24

23

23

25

25

25

25

25

Table A.5: Smooth wall with high speed: wall cold surface

12

14

14

14

15

16

16

16

16

18

18

18

18

18

20

20

20

20

21

22

22

22

21

22

24

24

24

24

24
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Table A.6: Smooth wall with low speed: metering box

CTest | 0 (O

1 16 16 16 16 16 16 16 16 16

2 18 18 18 15 18 18 19 18 19

20 | 20 | 20 16 | 20 | 20 | 21 20 | 20

3
4 22 22 | 22 18 22 22 | 23 22 | 22

5 24 24 | 24 | 20 24 24 25 24 24

6 26 { 26 | 26 | 21 26 26 | 27 26 | 26

7 28 | 28 28 25 28 28 | 28 28 | 28

Table A.7: Smooth wall with low speed: guard box

1 16 ~ 16 16

2 18 18 18

3 20 20 20

4 22 22 22

5 24 24 24
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Table A.8: Smooth wall with low speed: cold box:

106

"~ Test

Tc (OC)V o -

Sroabny

6
2
4

6

8

10

10

10

10

10

10

10

10

12

12

12

12

12

12

12

12

11

QAP | )l B

14

14

14

14

14

14

14

14

14

Table A.9: Smooth wall with low speed: wall hot surface

2 13

13

13

13

13

3 15

15

15

15

15

4 17

17

17

17

17

5 19

19

19

19

19

21

21

21

21

23

23

23

23
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Table A.10: Smooth wall with low speed: wall cold surface

107

oo
1 10 10 10 10 10 ~
2 12 12 12 12 12
3 14 14 14 14 14
4 16 16 16 16 16
5 18 18 18 18 18
6 20 20 20 20 20
7 22 22 22 22 22
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A.2 Hammered-Surface Wall:

108

Table A.11: Hammered wall with high speed: metering box
1 -. 2

1 16 15

2 18 18 18 18 18 18 18 18 18
3 20 19 | 20 19 | 20 { 20 | 20 | 20 | 20
4 22 | 22 | 22 | 21 22 22 | 22 | 22 | 21
5 24 | 23 | 23 24 | 24 | 24 | 24 | 24 | 23
6 26 1 26 | 26 | 26 | 26 25 | 26 | 26 | 25
7 27 | 27 | 28 28 | 28 28 | 28 | 28 | 28
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Table A.12: Hammered wall with high speed: guard box

109

16

16

18

13

18

20

20

20

22

22

22

24

24

24

26

26

26

28

28

28

Table A.13: Hammered wall with high speed: cold box

11

11

11

12

11

11

11

13

12

13

12

12

13

12

12

12

15

15

16

15

15

16

15

15

15

17

17

18

17

17

18

17

17

17

19

19

19

19

19

20

19

19

19
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Table 314: Hammered wall with high speed: wall hot surface

13

13

13

13

15

15

15

15

17

17

17

17

17

19

19

19

19

19

21

21

20

21

21

23

23

22

23

23

25

25

25

25

25

Table A.15: Hammered wall with high speed: wall cold surface

12

14

14

14

14

16

15

16

16

16

17

18

18

17

18

20

20

20

20

20

22

23

22

22

22

24

24

24

24

24
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Table A.16: Hammered wall with low speed: metering box

Tt |0 WO

1 16 16 “ 16 16 | 16‘ 16 16

2 18 18 | 18 18 19 18 | 18 18 19
3 20 20 | 20 20 21 20 20 20 20
4 22 | 22 | 22 | 22 | 23 | 21 | 21 21 21
5 24 | 24 | 24 | 24 | 24 | 24 | 24 | 24 | 24
6 26 26 25 26 25 26 26 26 26
7 28 28 | 27 28 27 28 | 28 28 28

Table A.17: Hammered wall with low speed: guard box

T T O

2 18 18 18
3 20 20 20
4 22 22 22
5 24 24 24
6 26 26 26
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Table A.18: Hammered wall with low speed: cold box

112

1 3 3 3 3 | 3 3 3 | 3 3
2 5 S 5 5 5 5 5 S 5
3 7 7 7 7 7 7 7 7 7
4 9 9 9 9 9 9 9 9 9
5 11 11 11 11 11 11 11 11 11
6 13 13 13 13 13 13 13 13 13
7 15 15 15 15 15 15 15 15 15

Table A.19: Hammered wall with low speed: wall hot surface

2 13 13 14 13 13
3 15 15 16 15 15
4 17 17 18 17 17
5 19 19 20 19 19
6 21 21 22 21 21
7 23 23 24 23 23
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Table A.20: Hammered wall with low speed: wall cold surface

113

1 10 10 10 10 10
2 12 12 12 12 13
3 14 14 14 14 14
4 16 16 16 16 16
5 18 18 18 18 18
6 20 20 20 20 20
7 22 22 22 22 22
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A.3 Punched-Surface Wall:

Table A.21: Punched wall with high speed: metering box

114

i | 16 16 176
2 18 18 18 i8 18 18 19 18 18
3 20 20 20 20 20 20 23 20 20
4 22 22 22 22 22 22 25 22 22
5 24 24 24 24 24 24 26 24 24
6 26 26 25 26 25 26 28 26 26
7 28 28 28 28 28 28 27 28 28
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Table A.22: Punched wall with high speed: guard box

- Test

Tg (OC) o

16

16

16

18

18

18

20

20

20

22

22

22

24

24

24

26

26

26

28

28

28

Table A.23: Punched wall with high speed: cold box

10

12

11

12

11

14

14

14

14

14

13

14

13

14

16

16

16

16

15

16

15

16

16

18

18

18

17

18

18

17

18

18

20

20

20

20

20

20

21

20

21
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Table A.24: Punched wall with high speed: wall hot surface

116

| 1 .”13 13“ 13- 13 |
2 15 15 14 15 15
3 16 17 16 17 17
4 19 19 18 19 19
5 21 21 21 21 21
6 23 23 22 23 23
7 25 25 24 25 25

Table A.25: Punched wall with high speed: wall cold surface

2 13 14 14 14 15
3 16 16 16 16 17
4 17 18 18 18 19
5 19 20 20 20 21
6 22 22 22 22 23
7 23 24 24 24 25
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Table A.26: Punched wall with low speed: metering box

117

16

16

16

15

16

17

16

16

17

18

18

17

18

19

18

18

17

18

20

20

21

20

20

19

20

20

20

Bl W] o] = B

22

22

21

22

22

22

21

23

21

24

26

24

24

24

23

24

24

26

26

25

26

26

25

26

26

7 28

28

28

26

28

28

28

28

29

Table A.27: Punched wall with low speed: guard box

18

20

20

20

22

22

22

24

24

24

26

26

26

28

28

28
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Table A.28: Punched wall with low speed: cold box

118

6

8

10

11

10

11

11

11

13

13

13

13

12

13

13

13

13

| &

15

15

14

14

15

15

15

15

15

17

=a

17

17

17

17

17

16

17

17

19

19

19

19

19

20

19

19

Table A.29: Punched wall with low speed: wall hot surface

15

15

15

15

15

17

17

17

17

17

19

19

19

19

19

21

21

21

21

21

23

23

23

23

23

25

25

25

25

25
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Table A.30: Punched wall with low speed: wall cold surface

119

S Test [oo

12

12

13

14

16

16

17

16

16

18

18

18

18

18

20

20

20

20

20

22

22

22

23

22

24

24

24

24

24
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A.4 Rough -Surface Wall:

Table A.31: Rough wall with high speed: metering box

120

. T est

5

16

16

15

16

17

16

17

18

18

18

17

18

18

18

20

20

21

20

20

21

21

al W W

22

22

22

22

22

23

23

tn

24

24

25

24

24

25

24

25

24

26

25

25

26

26

26

26

26

26

28

28

28

28

27

28

27

28

28
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Table A.32: Rough wall with high speed: guard box

121

R0 S
Ry 3
| 16
18 18 18
20 20 20
22 22 22
24 24 24
26 26 26
28 28 28

Table A.33: Rough wall with high speed: cold box

2 11 11 11 11 11 11 11 12 12
3 13 13 13 15 13 14 13 13 13
4 15 15 15 15 15 15 15 14 14
5 17 17 17 17 17 17 17 17 17
6 19 18 19 18 19 18 18 18 19
7 21 20 | 20 | 21 21 21 20 | 21 21
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Table A.34: Rough wall with high speed: wall hot surface

1 13 12 13 13 13

2 15 14 15 15 15

3 17 16 17 17 17

4 19 19 19 19 19

5 21 20 21 21 21

6 23 22 23 23 23

7 25 25 25 25 25

Table A.35: Rough wall with high speed: wall cold surface

2 14 14 14 14 13

3 16 16 16 15 16

4 18 18 18 18 18

5 20 20 20 19 19
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Table A.36: Rough wall with low speed: metering box

15 14 16 16 16 16 16 17

2 18 18 19 19 18 18 18 18 19

3 20 20 21 23 20 20 20 21 20

4 22 22 22 22 21 21 21 22 22

5 24 24 24 24 24 22 24 23 22

6 26 26 | 26 26 25 24 26 24 26

7 28 | 28 | 28 27 | 27 | 26 § 28 | 28 28

Table A.37: Rough wall with low speed: guard box

2 18 18 18

3 20 20 20

4 22 22 22

5 24 24 24
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Table A.38: Rough wall with low speed: cold box

124

2 10 | 10 { 10 | 10 | 10 { 10 | 10 | 10 | 10

3 12 | 12 | 12 | 12 | 12 | 13 | 12 | 11 | 12

4 14 | 14 |15 | 15 | 15| 14§ 14 [ 14 | 14

5 16 16 16 16 16 16 16 16 16

6 18 | 18| 17|17 | 18 | 18 | 18 | 17 } 18

7 20 ] 20 [ 21 | 21 | 21 [ 20 ] 20 ] 20 | 20
Table A.39: Rough wall with low speed: wall hot surface

2 15 15 15 15 15
3 17 17 17 17 17
4 19 19 19 19 20
5 21 21 21 21 21
6 23 23 23 23 22
7 25 25 25 25 25
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Test | O o
e 1 2 3 T4 | 5
1 12 12 12 12 .11
2 14 14 14 14 13
3 16 16 16 16 15
4 18 18 18 18 17
5 20 20 20 20 19
6 22 22 22 22 21
7 24 24 24 24 23
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APPENDIX B

SAMPLE CALCULATION

To explain how the experimental results presented in tables 5.1 t0 5.8
are obtained a sample calculation is presented here. The temperature values
used in the calculations are the average values of the temperature data of
Appendix A. All the equations used in the calculation are presented in
chapter 3. For example, one may take any case from the previous tables
(randomly) like data test number 2 of the hammered wall (table 5.3). Data

taken during the test is as follows:

Q =48 Watt
A=1.0m?
T,=18°C
T,=15°C
T.=9°C
T,=18°C
1=.05m

using the above data one can make the following calculation:
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Thermal conductivity(k):

Using equation (3.2)

48 <005

p=—oX 002 04 Wim®C
1x(15-14)

Convective heat - transfer coefficient (h):

Using equation (3.3)
h=——48———=9.6 wWim’C
1x(14-9)

overall heat - transfer coefficient:

using equation (3.1)

48

Uz =533 W/m*°C
1x(18-9)

theoretical heat - transfer coefficient:

using equation
h, =562+(39%16)=1186 W/ mt.°C

All the results that are tabulated are obtained in the same manner
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