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ABSTRACT

A three-fold design and fabrication of insulation testing rig (ITR) has been demonstrated in this research work via geometric (or
architectural) design, stress design and thermal design. A pilot experiment on measurement of external and internal wall and fluid
temperature essentially preceded the thermal design using a stainless steel vessel. The average wall and fluid temperature at steady
state aided in evaluation of overall heat transfer coefficients. The designs were characterized by formulation of equations specific to
the three cardinal areas of the designs. Subsequently, the formulated design equations were optimized to obtain an optimum and
critical insulation thickness at the finned bath and dead pipe, respectively, whereas the thickness of construction material (steel
sheet) was established by circumferential stress design of the ITR. The three key design parameters aforementioned strongly
governed the architectural design of the ITR. The design results (dimension) were further translated into detailed engineering
drawings, which aided in the smart fabrication of the ITR. The equipment is quite simple and affordable; it is useful for performance
evaluation of insulating materials, in estimating the thermal conductivity of insulating materials and could be deployed as a
laboratory equipment for demonstrating heat transfer in thermal systems.

Keywords: Geometric design, stress design, thermal design, fabrication and insulation testing rig.

1. INTRODUCTION

Loss prevention is of paramount interest in the process industries where materials, energy and personnel are virtually preserved for
the optimum performance of the industries. Thus, waste heat is almost recovered and transported to the process line where it is
needed for preheating of the feedstock and reheating of intermediate products. Hence, the transported heat is technically preserved
by careful insulation of the conduits so as to minimize heat loss to the surroundings. However, well established industrial insulating
materials like rock wool, fiberglass, foams, asbestos, plastics, etc are very exorbitant. Consequently, the need for sourcing local
insulating materials which could effectively substitute the developed ones with a reasonable resistance to alteration in the ambient
conditions becomes imperative.
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According to Gregorec (2006) insulators are subjected to many incompatible substances which obviously contribute to their

inefficiency; such as excessive heat or cryogenic condition, moisture, vibration, dirt, oil, and corrosive vapour, which are responsible
for their early deterioration. Generally, testing the integrity of an insulating material requires measuring its resistance to current flow
through it (which is analogous to thermal resistance). In the same vein, the present work considers application of thermal flux on the
insulating materials to ascertain their suitability. Empirically, low insulator surface temperature implies that little heat is being
transferred and vice-versa. Similar to electrical insulation testing; thermal flux which is passed through the insulating materials could
be classified into three types; the capacitance heat flux, the absorption heat flux and the leakage heat flux. The capacitance heat flux
is due to unsteady state heat conduction which vanishes as the temperature tends to stabilize in the insulating materials. The
absorption heat flux is phenomenal as the insulator absorbs the heat and also disappears as stability is attained. The leakage heat
flux is a portion of heat flux which escapes through the insulating materials to the surrounding at a low temperature. Insistently, this
is thermal flux that exists beyond the unsteady state condition. Significantly, a rise in the leakage heat flux is an indication that the
insulating material has deteriorated and needs to be replaced.

Practically, the sophisticated equipment for the purpose of testing new insulating materials is equally costly. Notwithstanding,
the revolutionary researches on these equipment for testing the thermal insulation of materials abound in literature; such as heat
flow meter (Flori et al.,, 2017), guarded heat flow meters (Salmon, 2001), guarded hot plate instrument (Li et al.,, 2012), flash diffusivity
methods (McMasters et al.,, 2017), calibrated hot box (Lawal and Ugheoke, 2012). The accuracy and agreement among the variants
of the guarded hot plate occurs at ambient temperature and large variance occurs at cryogenic or superheated conditions (Flynn et
al., 2002). The excessive cost of these equipment is inevitable and unaffordable. Thus, there is an overwhelming need to develop a
simple and affordable device that can perform an equivalent function. Hence, the present work is aimed at developing a finned bath
which enhances the rate of transfer of thermal flux to the insulating materials; and capable of performing spatial and a time
measurement of characteristics of the insulating materials. Also, the present design adopts ambient condition as the cold surface,
which will guarantee the accuracy of the design results (Eithun, 2012).

Subsequently, Frawley and Kennedy (2007) introduced a hot box apparatus; which could be calibrated, guarded or combination
of both (edged hot box). The test technique is ex situ in the sense that test is conducted without the interference of environmental
factors. Actually, this technique presents an ideal thermal characteristic of an insulating material that is to be subjected to
environmental condition (Simko et al, 1999; Abdeen Mustafa Omer, 2018). Moreover, hot box promotes radiation losses, sequel to
variation in its wall temperature. The present work will adopt an in situ technique, which the test material is not excluded from the
stimulus effect of the surroundings for the purposes of presenting a true or real life performance of an insulating material. The cold
comportment of the hot box equipment is equivalent to the immediate surroundings of the insulation testing rig (ITR), moreover,
the finned bath is to be designed to maintain high thermal flux through the insulator for the unsteady-state and steady-state
performance evaluation of the insulating materials. As a matter-of-fact, developing countries have no choice than to fashion a
prototype device that will fulfill the dual purpose of testing and discovering new insulating materials by designing a simple and
affordable insulation testing device or rig.

Thus, the unique feature of the present design will be pivoted on; the geometric formulation of the design equations for sizing
of the different components of the ITR- the finned bath and the dead pipe in Figure 2; consideration of stress on the ITR to
determine the metal sheet thickness and thermal formulation of key design parameters— the insulation thickness and critical
insulation thickness around the finned bath and dead pipe, respectively. The formulation of the design equations will entrench the
application of derivative or gradient technique for optimizing the key design parameters and in the optimal sizing of the ITR
parameters formulated with the optimum design parameters.

The cylindrical or radial test surface will be adopted due to its accuracy (98%) in measurement of thermal conductivity (Eithun,
2012). However, the finned bath surface of the ITR could be equally deployed for the measurement of thermal conductivity of walled
or sheet specimens with the environment as the heat sink. Moreover, the evaluation of the heat transfer coefficients within and
around the ITR, will necessitate a pilot measurement of temperature difference at the interior and exterior surfaces of a model
stainless steel vessel for the ease of evaluation of the thermal properties, which will culminate in deterministic design of the ITR.

The design data (mostly the dimensions) will be translated into several drawings; the isometric, orthographic projection and
sectional views for a smart fabrication of the ITR.

Besides, the ITR is intended to be flexible for testing insulating materials of different sizes such as pulverized and fibrous
materials due to the advantage of elongated cylindrical testing surface.

Thus, the present work is concerned with the comprehensive design and fabrication of insulation testing rig for the purposes of
discovering new local insulating materials, mostly the agricultural solid wastes on in situ basis.
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2. MATERIALS AND METHOD

The research work will combine experiments and designs for the purpose of achieving the set objectives of this work. The

experiment is imperative in order to establish the forced or external and natural or internal convective heat transfer coefficients,
which are essential for computing the overall heat transfer coefficient and for the thermal designs of the ITR.

2.1. Experimentation

Approximately, a2(liter) stainless steel vessel was filled with a freshwater almost to the brim. Then, the lid was kept in place while the
heat source was powered from a 220 V (13 A, 50Hz) alternating current (AC) source to heat up the electric filament of the heat
source. The heat source was maintained at temperature of 400 — 500 (°C). External and internal measurement of temperature were
observed at unsteady-state condition (prior to boiling) and steady condition (during boiling) using UNI-T (UT33C) multi-meter via a
thermocouple wire. Internally, the stainless steel temperature; at its top, middle and base were recorded together with the uniformly
distributed working fluid temperature. Externally, the lid temperature, the side wall temperature; at its middle and base were
measured. Also, observation were made among the bulk air temperature, Tui« surrounding air temperature, T and the external
wall temperature. The average external wall temperature and surrounding air temperature was useful for evaluating the forced heat
transfer coefficient and other thermal properties of the working fluid (air). Also, similar observation was internally made in order to
estimate the free or natural heat transfer coefficient and other relevant thermal properties of working fluid (freshwater). The
measurement was repeated for three times and the average temperature values employed in carrying out the thermal design of the
insulation testing rig. The experimental results for air-wall and wall-freshwater are recorded in Tables 2 and 3, respectively.
Substantially, the experimental set up is shown in Figure 1.

1 a. Internal temperature measurement 1 b. External temperature measurement
Figure 1 The pilot experimental setup

2.2. Design formulation

The geometric and thermal formulation of design equations is considered premium in the design of the insulation testing rig. These
equations are to be deployed in optimization and computation of the essential dimension of the insulation testing rig and in
realization of the supporting engineering drawings (the sectional and isometric views of the insulation testing rig) essential for the
fabrication of the ITR.

2.2.1. Geometric Design of the insulation testing rig
Considering the geometric design of the dead pipe (dp) and finned bath (fb) in Figure 2, which isa schematic representation of the

insulation testing rig (ITR).
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1. Lid, 2.Finned bath,
3. Dead Pipe, 4. Wooden Support
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Figure 2 Schematic representation of insulation testing rig (ITR) with the box
designating the finned bath and the cylinder depicting the dead pipe

2.2.1.1. Sizing of the dead pipe:
The input data for sizing of the dead pipe are;the length, ldp (m) and outer diameter, ODy, (M), respectively;

The inner diameter of the dead pipe, IDgin Equation 1 is defined as follows:

= 21 =215 — 255 i 1Dgp =2r1j; ODgp =215 1
=1 =Ty —Js (m)

where &g (m) is the thickness of construction material (mild steelsheet, s), fjand rg is the inner (i)and outer (o)radius of the dead

pipe, respectively.

Alternatively, the inner radius of the dead pipe, 1jin Equation 2 could be derived as

5 5 =To—0s (m) 2

fi

Thus, the available curved surface area, Aq,0f the dead pipefor exchanging heat with the surroundings is given in Equation 3 as

oD oD

where |; dp is the inner length of the of the dead pipe occupied by the fluid.

The outer length of the insulator on the dead pipe, I i, is €xpressed in Equation 4 as

*

lo,ins = Ii,dp _5ins +5rins,dp (m)? liins = loins _55 (m); lo,dp = li,dp +5s (m) 4
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where JSing (5;:15 )is the optimum insulation thickness around the finned bath and &ins,dp (5!’

*
ins,dp ) is the critical insulation

thickness around the dead pipe.

The actual volume of fluid in the dead pipe, Vdp for fully developed profile is formulated by substituting Equation 1 or 2 into

Equation 5

Vdp Z”fi2|dp =7Z'(I’o —55)2(|dp) (m?’) 5

2.2.2.2. Sizing of the finned bath:
The basic input data necessary for determining the unit cross sectional area (CSA) and full dimension of the finned bathare the
length and height of the heater or heating source, Igand hths , respectively, which is fixed by the dimension of heat source.

The interior volume of the finned bath is made up of a free board space (fbs), V tpg (m?’) and fluid space (fs),st which is given in
Equation 6
Vi, =Vibs +Vis (m3) 6
where the volume of fluid in the finned bath is related to the volume of fluid in the dead pipein Equation 7 as
Vis =nVgp =n ﬂ'riz(ldp)=nﬂ(ro—55)2<|dp) (m3) 7

where n is a multiplierfor scaling up the insulation testing rig capacity.

Therefore the interior volume of the finned bath, V;zin Equation 8 becomes
Vig =V 3
i,B =Vips +NVqp m 8

and forsafeoperation of the finned bath, the free board space is set to be one-third of the fluid space in Equation 9

v V, — 5 )2l
Vi = = NVdp _ n”(ro s) (dp) (m3) 9

3 3 3

Thus, the interior volume of the finned bath, Vi g in Equation10 becomes

4 4
Vi,B= +anp =—anp=§n7Z(rO_55)2(ldp) (ms) 10

3

and the interior volume of the insulation testing rig, v; |t in Equation 11 is given as

4
Vi, ITR =Vi,B +Vdp =3" 7(r _55)2(|dp)+”(r0 —55)2('dp)

Viitr =7(ro —55)2(|dp)(%“+1j (mg) '
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The interior (or inner) cross sectional area of the finned bath, A;sis conformed to the base of the heat source (a regular square

geometry), which is expressed in Equation 12 as
2 2
Ai,B—(lhs) (“ ) 12

The height of the free board space, ht fys IN Equation 13is ratio of its interior volume to the surface area of the heat source;

Vs Vs n (o -5 Pligp) (m)

tips = = = 13
Atbs  AB 3A B
Similarly, the height of the fluid space, htfin Equation 14 is given as
2
\ \ nz(rp—ds )l
htgs = fs _ fs _ (o s) (dp) (m) 14

Ats  AB A.B
The interior height of the finned bath, ht, 5 in Equation 15 is obtained by summation of the two heights; htfs and htfs, which

culminates into

nz(r —55)2|dp . nz(r —55)2|dp
3A B AB

hti,B = htfbs +htfss =

15
an 7 (r— ) g
htj g = 3 - < (m)
A B
The outer height of the finned bath, hto g in Equation 16is given as
where JSjng (M) is the thickness of the insulator to be determined by thermal designs (or balance) .
The inner and outer breadth of the finned bath, Wi,B and WO,B , respectively in Equation 17 is given as
2
_ 0}
Wig =lhs (m) H
17 %'d
And Wy g W p+2(205+5ins )= Wi B +455+20ins = | +485 +26ins (m) ~
Then, the peripheral area of the finned bath, Ao g in Equation 18 is computed as follows:
-7 - Pl o )
AO,B = WO,B +4ht0,B WO,B = Ihs+45s+25ins +4 hti,B +355 + hthS +5IHS Ihs+45s+25ins m 18
O
The inner and outer dimension of the lid, W; i and W |iy of the finned bath in Equation 19 is specified as \%D
Dﬁj
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LB (m)

Wilid =3

W,

And Wotid = Wi lig +255 = 'T'B+255 (m), respectively.

The height of the lid, ht;g in Equation 20 is specified as

ht;iy = 0.01+26; + Sins (m)
The outer and inner breath of the handle, Wo,handle and Wi,handle in Equation 21 is specified as

W, B |h
_ L _ hs
Wo handle "6 6 (m)and

_iB _ 255 = % -255  (m), respectively.

The height of the handle, bty ondie in Equation 22 is specified as

ht =0.02+55 (m)

handle

The breath of the feeder, ereder in Equation 23 is specified as

_WiB s
W feeder _7_255_?_25 (m)

The height of the feeder, ht feeder 1N Equation 24 is specified as

ht =0.02+25 +pg ()

feeder

2.2.3. Stress Consideration in the Insulation Testing Rig

The circumferential thermal stress (Hoop stress), GC and the maximum thermal stress, o

(Engineering ToolBox, 2018; Brown, 2005) is given in Equation 25 as

2.2 2.2
2 5.2 | [rré(R-R) 2 2| |rre(Ry-R)
o, = Plrlz P%ro o (MPa); o = P|"|2 P%ro |l o (MPa)
r-r rz(rz—r_z) r—r r_z(rz—r_zj
o | 0 i o 1 i i
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where r; is the inner radius of the cylinder, ro is the outer radius of cylinder, Pj is the internal (vessel) pressure, Py is the external
(atmospheric) pressure.

By applying the equivalent hydraulic (H) diameter (D), {D D }for the square cross section of thelTR, DH is given in
H 1 i,H' “oH

Equation 26 as

4Wi2,B i 4w B

i,H ( : ) 1,B =Ths \V; T—) 0,B
Equation 25is adapted to square cross section in Equation 27 as follows:

2 2 2 2
Awi,g —FoVo,B W gwo,8(P, ~R)

(MPa);

O =
c 2 2 2 |\n/2 2
Wo,B —Wi,B WB(WO,B_Wi,B)
27
2 2 2
Rw g — PoW, Wy g(Py — R
o = i IéB 020,B_ o,zB( 0 2|) (MPa) 3 W%:le,B
Wo,B —Wi,B Wo,B —Wi,B
Equation 28 gives the internal pressure, P which is related to the external pressure, P, as follows:
P =n"P, (MPa) ; 3 P >P, 28
where n” is a constant of proportionality between B and P .
Thus, substituting Equation 28 into 27 gives Equation 29 a modified form of Equation 27 as follows:
"ol 2 2 "
n"wg-wog Wog(l-n)
T max = Po| =3 N 5 (MPa) 3
Wo,B —Wi,B  Wp,B —W,B
1 29
2
Wi2, (n” + Ur;ax ]
0
sw = o) (m) -,
B ]
° n" -2+ Zmax c
0 .:
2
: , . : : o =
The thickness of the construction material (steel sheet), 55 in Equation 30 is given as
5 =025 (WO’B W, g - 20ins (m). 30

2.2.4. Thermal design of the Insulation Testing Rig

The heat transfer between the heat source and heat sink (the surroundings) is designed such that minimal heat loss is concede or
transferred to the surroundings. Principally, the heat supplied from the heat source does not produces any work (since there is no
moving boundary).Thermodynamically, the heat supplied only raises the internal energy of the working fluid (freshwater). The

Page68
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thermal gradient from the heat source to the heat sink is carefully articulated in Figure 3 in order to account for the effect of the
individual resistance sequel to conduction and convection current (heat fluxes).

The thermal design will be carried out on the dead pipe and finned bath in order to determine the critical parameters; the
insulation thickness of the dead pipe and finned bath. Figures 3 and 4 represent the thermal gradient at the finned bath and dead
pipe, respectively.

The design consideration in Figure 3 centers on calculation of insulation thickness, &ns. This is to be realized by computing heat
transferred between the hot and cold fluids in Figure 3a for different conditions; insulation testing rigs with and without insulating

materials.
. Ts i-1
Air ’
T @i 250¢ Steam @
(W) Ti>100°C,
0 A hi(W/m?k)
Ts,o : Ts,o+1
o di
<q—Ro—Rs—Rins—Rs—Ri<—
85 8ins 65
(a) Thermal gradient (b) Thermal resistance of a composite material

Figure 3 Thermal gradient across the bath of the insulation testing rig (ITR)

According to Rajput (2007) certain amount of heat has to be conceded to the surroundings from the finned bath compartment.
For the purposes of design, about 75 or more percent (%) of heat generated is to be conserved. Thus, Equation 31 represents the
heat transfer across the cold and hot fluid without an insulator, Q , which is modelled by Oko and Nnamchi (2012) as

Q = U A, AT W) 31

where U 'L is the overall heat transfer coefficient which is defined in Equation 32as

u = - 2 W /mk)
RL i+575 1 32
ho ks hi

where A g is the overall surface area of the finned bath available for heat transfer without an insulator is expressed in Equation 33

2
A’O‘B =(Wi,B +2§sj +4(hti,B +25 +hthsIWi,B +253)
) 33
' 2
Ao,B =( Ihs +255) +4(hti,B +20g +hthsIIhs +25sj (m )
where AT is the temperature difference in Equation 34
AT =T -To (K) 34
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Conversely, Equation 35 modelsthe heat transfer, Qins across the cold and hot fluid with an insulator

Qins = YULA0,BAT W) 35

where U is the overall heat transfer coefficient in Equation 36is defined as

1 1 6” 2 )
U = —= Im“K
L= R 71 255 Ois 1

+ 278 - 36
ho kg Kins D

where A, g is the surface area of the finned bath available for heat transfer, which is geometrically determined in Equation 18.

Thus, to achieve high reduction in heat loss, Rajput (2007) suggests that the rate of heat transfer with an insulator in place, Qjpg
should be balanced by the product of fraction of heat loss, n” and the rate of heat transfer without an insulator in place, Qjns
which is expressed in Equation 37 as follows:

Qins *=N'Q; n’>0.1 37
Substituting Equations 18, 31— 36 into Equation 37 yields Equation 38, a thermal function, f(‘sins) as

1
fléins)=| 1 205 Oins , 1

(l hs +435+23ins )2 + 4(hti’B +305 + Nty + ding )(l hs +435 +23ins )](Ti ~To)

hj ks Kins o

38
, 1 2 (
-n 1 5 1 (Ihs+25s) +4hti,B+255+hth5['hs+255j (Ti-Ty)=0 W)
hi ks hy

The present work suggests that the optimum insulation thickness of the finned bath, Jj,g5 should be determined by

differentiating f(é‘ins) in Equation 38 with respect to Jj,5 and equating the resulting derivative to zero results in Equation 39

df (5 5
M:[iJr—Mi] [4(| hs +40s +25ins )+4(| hs + 405 +25ins )+8(hti,B +ht, ¢ +355 +ins )]

dSins hi ks hg 39
S b, v2s)2ealhe | ent vasg i, +265 )]0 (m® w) 5
K hs 3 i,B hs SAhs SA™ 2
ins .
Q
Simplifying Equation 39, gives the optimum values of §  ( E?ns ) in Equation 40as ~
ins
n’ 2
L _kins [(Ihs +25s) +4(hti,B +ht, +255XIhs +255)]
s T 5 1 1 5 1 (m) 40
24(+s+ —8(—+—S+—J[(I hs +455)+(hti g T ht o +353)]
D~
&
D{Tj
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Carrying out a similar heat transfer analysis around the dead pipe. Figure 4 shows the thermal gradient and resistance across the
dead pipe.

The critical radius of insulation thickness that causes sudden decrease or change in a progressive heat flux is obtained by
establishing the thermal flux from hot to cold fluid in Equation 41 as

In{ry s /1 Inlrins /1,
T Ty = Q 1 . (o,s/ |,s)Jr (lns/ O'S)+ 1 (K) »
27 lins | fihj,c ks Kins finsho,c
where lo.s is the outer radius of the dead pipe, which is defined in Equation 42 as
Steam @ a |
Ri
Rs
kins |
Ts,o Sins H
Tins ! Rin
Air @ N\ ‘ |
ri,s R
To=25°C, °
ho(W/mZK) o ¥
(a) Lateral thermal gradient (b) Semicircular thermal gradient (c) Thermal resistance of

different materials
Figure 4 Thermal gradient across the finned pipe of ITR

42
fo,s =rli,s +9s (m)
and the radius of insulation, rjng is given in Equation 43as
fins =To,s + Jins (m) 43
Equation 44describes the overall resistance to heat transfer, R.as
1 1 |n(ro,s/ri,s) |n(rins/ro,s) 1 mK
RL = + + + — 44
27 ling | fihi ¢ Ks Kins fins o, c w

*
The optimum insulation thickness, rins in Equation 45is obtained by differentiating RL with respect to (wrt) the insulation radius,

rins as follows:
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1 1 * Kins
=0 = Yins =1 . .

~ é‘i’rc]S,dp (m) 45

Kins Tins - r2 h ; - Nocylinder
ing | 0.cylinder Cy

2.2.5. Determination of Convective Heat Transfer Coefficients
The convective heat transfer coefficients on the interior and exterior of the finned bath is typical of that on vertical plane wall, which

is composed of inner and outer films, j path -and hg path . respectively. The vital convective heat transfer coefficient for
determining the critical insulation thickness of thedead pipe is the external film coefficient, g cyjinder - The convective heat transfer

coefficients are to be evaluated using established empirical correlation in the literature as applied to vertical plane wall and

horizontal cylinder.
For the finned bath the internal (or natural) convective heat transfer coefficient, hipan Equation 46 is given in Nnamchi et al.

(2018) as

2
0.387 Ra}’ 6 . >
hi path = 0.825 + f 1 for 107 < Ra; <1074,
| h ht 1+ (0.492/pr )16 3127
fbs fs f5
3 (46)
g(ht s Nt J B (Ts-Ty) -
Raj = Gr Pr Gr _ fs Pr = Hwater “Pwater
ht iy +ht g Nt s +Nt 5 121 p? K water

where k(W / mK)is the thermal conductivity of the working fluid (freshwater), Ra(—)is Rayleigh's dimensionless number, PI‘(—) is
Prandtl number, g is the gravitational constant, ,3(1/K) is the temperature coefficient, Tg(K)is the inner wall temperature,

TOO(K) is the internal bulk fluid temperature, y(kg/ m/S) is the dynamic viscosity and 0 is the density of the fluid in the ITR.

Also, for the finned bath, the external (or forced) convective heat transfer coefficient, h, (Equation 47) is defined in Nnamchi et al.
(2018) as

Mo, ~0.664 Reo,sY2PrY3 for Re | 5 <5x10°

(ht o Nt fsj

ReO,B :pu(ht fos +hthJ/‘u’ Pr:/uair Cpair/kair; .

or

hog ~00%6— < Re¥SpY3 3 Re " >5x10°
! fbs +htfs
ht fbs +htfS

where Reo’ B (—) is the Reynolds number.

For the dead pipe the external convective heat transfer coefficient over a horizontal cylinder, hO,C in Equation 48 is given as

(Skocilasova, 2018; Sistemas, 2018).
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_ K 0.618 13
ho,cyllnder ~ W{O.l% ReODcyIinder Pr 3 Pr>0.70, 4000 <Re ODgylinder < 40000 (48)

3. DISCUSSION AND RESULTS

The output of the designs of the insulation testing rig and the discussion thereon is as follows:

3.1. Design Input Data

Table 1 represents the general input or primary data to the design equations (Equations 1 — 48). Table 1 is embodiment of physical
constants and measurement on the dimension of the heat source which governed the cross sectional area of the ITR. Table 2
proffers the thermal properties of the interior working fluid (freshwater) and the dimensionless numbers necessary for prescribing
the free or natural convection between the bulk fluid and the interior walls of the finned bath. Similarly, Table 3 summaries the
thermophysical properties of the external working fluid (air) and all the essential dimensionless numbers which describe the forced
convection around the ITR. In addition, Tables 1 — 3 are not the major results but serve as input data for the designs.

Table 1 General input data

S# Parameter Unit value

1. Length of the heat source, [y - wig (m) 0.24000
2. Height of the hot source, htxs (m) 0.08000
3. Size of the dead pipe, lyp (m) 0.97536
4, Scaling factor, n () 4.00000
5. Heat loss factor, n’ () 0.21599
6. Pressure proportionality constant, n” (-) 2.00000
7. Thermal conductivity of the insulator, kins (WmT K" 0.28250
8. Thermal conductivity of the steel sheet, ks (Wm-T K™ 36.03947
9. The outer diameter, OD of the dead pipe (m) 0.07000
10.  Gravitational constant, g (ms? 9.81000
11.  The external (atmospheric) pressure, P, (MPa) 0.101325
12.  Maximum allowable pressure, omax (MPa) 0.266061

Table 2 Properties of freshwaterat average inner wall and freshwater temperature of 380.15 and383.15 (K), respectively

S#  Parameter Unit Equation value
Mean temperature,

1. — (K) 381.65000
T
Temperature

2. 4 (K" 0.00262
coefficient, B

p= 754307987 1+1.83132843 T

3. Density, p (kg m3) —9 950.41438
-00035831 T

4. Viscosity, p (kg m's) 1 = 1460398670 7691 T >4 0.00022

5. Heatcapacity, cp (Kl kg k) cp = 5476 -0.008178 T +0.000013 T2 424869

g, nermal (Wm™ Ky k= 00223 T0-5802 0.70176

conductivity, k
7. prandtl, Pr 0 Pr=2391.7 exp(-0.02T 115808
8. Grashoff, Gr ) Equation46 3.75842x10'0
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9. Rayleigh, Ra (=) Equation 46 4.35254x10'°

Table 3 Properties of air at average outer wall and surrounding air temperature of 311.15 and 377.25 (K), respectively

S#  Parameter Unit Equation value
Mean temperature,

1. — (K) 344.15000
T
Temperature

2. . (K™ 0.00275
coefficient, B

3. Density, p (kg m?3) p=21313 -0003 T 1.09885

_ -6 8T 152

4. Viscosity, m (kg msT) #=103x10"+7x10"T-4x10 =T 2.03829x10°

5. Heat capacity, cp (kJ kg KT cp=21313 -0.003 T 1.01061
Th I =

6 emal (Wi K k =0.0121exp (0.0025 T) 0.02860
conductivity, k

7. Air speed, u (msT 2.00000

8. Prandtl, Pr () Equations 46&47 0.72012

9. Reynolds, Re () Equation 47 3.21510x10*

3.2. Results

The key results are tabulated in Tables 4 and 5. The film coefficient computed with the information in Tables 2 and 3 for freshwater
gave convective heat transfer coefficient of 7077.77 W/m?K and that for air was 77.39488 and 12.48751 W/m?K for air around the
finned bath and dead pipe, respectively. The results are in good agreement with those stipulated in the literature (Wikipedia, 2018),
which ranges from 500 — 10000 (W/m?K) and 10 — 100 (W/m?K) for freshwater and air, respectively. Basically, the major design
results are the dimension of the insulation testing rig and the convective heat transfer coefficients of the working fluids (air and
freshwater). These results are summarised in Tables 4 and 5.

Table 4 Design output data (thermal parameters)

S# Parameter Unit value
The natural convective transfer coefficient in the finned bath, h;
1. (kW m=2K™") 1.01117
(freshwater)
The forced convective transfer coefficient around the finned bath, h,
2. (ai) (W m=2K") 12.48751
air
The f d tive t f fficient d the dead pipe, ho,cyii
] ( .e) orced convective transfer coefficient around the dead pipe, ho,cyiinder W m2K) 17 39488
air ol
4 Overall resistance to heat transfer across the finned bath, R, (without (2K W) 0.08112 2
. m - o
insulation) Q,
Overall resistance to heat transfer across the finned bath, R, (with 0.32920 -z
5. (m2K W) =
insulation)
Overall heat transfer coefficient across the finned bath, R, (without
6. . . (W m=2KT) 12.32681
insulation)
Overall resistance to heat transfer across the finned bath, R, (with
7. . . (W m=2KT") 3.03769
insulation)
<
Table 5 Design output data (dimension) [\@
S# Dimension Unit value ;’fb
1. The peripheral of the dead pipe, Agp (m?) 0.21424
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2. The volume of fluid in the dead pipe for fully developed profile, is,

(m3) 0.00334
Vip

3 The volume of fluid in the finned bath, Vi (m?3) 0.01288
4 The interior volume of the finned bath, V75 (with insulation) (m3) 0.01718
5 The interior volume of the insulation testing rig, Vi (m3) 0.02040
6. The interior (or inner) cross sectional area of the bath, A;s (m?) 0.05760
7 The radius of the dead pipe, r; (m) 0.03302
8. Height of free board space, htps (m) 0.07455
9. Height of fluid space, htf (m) 0.22364
10.  The inner height of bath, ht;s (m) 0.29819
11.  The outer height of the bath, ht,s (m) 0.41945
12.  The outer breadth of the bath, w,s (m) 0.31855
13.  Insulation thickness around the finned bath, &ins (m) 0.03530
14 |nsulation thickness around the dead pipe, 5;;15,dp (m) 0.01624
15.  The outer length of insulation, l,ins (m) 0.95630
16.  The thickness of construction material (steel sheet), & (m) 0.00198
17. The inner breath of the finned bath, Wi B (m) 0.24000
18. The inner breath of the lid, Wi,lid (m) 0.08000
19.  The outer breath of the lid,, Wo,lid (m) 0.08397
20.  The height of the lid, htIid (m) 0.04927
21. The inner breath of the handle, Wi handle (m) 0.03603
22. The outer breath of the handle, W handle (m) 0.04000
23.  The height of the handle, hthandle (m) 0.02198
24.  The breadth of the feeder, W feeder (m) 007603
25. The hEIght of the feeder, ht feeder (m) 0.05927

3.3. Discussion

The major design parameters; the thickness of the steel sheet for the fabrication of the ITR is defined by Equations 29 and 30. The
results show that increasing the circumferential stress (Hoop stress)mostly increases the thickness of the steel sheet; increasing the
insulation thickness partly decreases the thickness of the steel sheet and increasing the difference between the outer and inner
breath of the ITR is compensated with an increment in the steel sheet thickness (55 =0.00198 (m) in Table 5). The maximum

Hoop stress for the thin walled vessels based on the design information is 0.266061 MPa (in Table 1) which is more than twice the

atmospheric pressure. Also, Equation 40 presents the optimum insulation thickness around the finned bath as function of product of

overall heat transfer coefficient without insulating material and the differential characteristic volume per unit conductance with
*

insulating material and without insulating material (5ins =0.0353 (m) in Table 5).

Equation 45 expresses the critical insulation thickness around the dead pipe as the ratio of thermal conductivity of the insulating

*
material to convective heat transfer coefficient around the dead pipe ( 5ins dp =0.01624 (m) in Table 5).

The thickness of the steel sheet, the insulation thickness around the finned bath and the dead pipe governed the dimension of
the rest of the design parameters in Table 5, especially; the architectural design of the ITR.

The design characteristic dimension gave rise to Figures 5 — 8, the isometric, orthographic, front section and plan section of the
ITR, respectively. These drawings are essential for fabrication of the physical system in Figure 9.
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Essentially, the fabricated ITR could serve multi-purpose functions; could be employed for performance evaluation of existing
insulating materials, discovering of new insulating materials and could equally function as laboratory equipment for demonstrating
heat transfer principles.

The material specification for ITR was based on their thermal properties and resistance to corrosion; the galvanized steel was
chosen for the lining of the ITR to withstand thermal stress and corrosion effects for long use and mild steel was selected for the

outer cover because it is not subjected to high thermal stress, which alleviates the cost of fabrication.

Handle

Lid

Finned bath
Heat source

Dead pipe

(b) Detailed
(a) Isometric

Figure 5 Isometric and detailed views of the ITR
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Figure 6 Orthographic view of the ITR
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Figure 7 The Front section of the ITR with dimension in millimeter
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Figure 9 The pictorial view of the physical ITR
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3.4. Equipment costing
Table 6 summaries the unit and total cost of materials which constitute the direct cost. The indirect cost based on standard practice

according to Lawal and Ugheoke (2017) is the cost of construction (welding) and spraying the ITR, which is 20% of the total cost of
the materials. The grand total is the summation of the individual total costs (direct cost) and construction cost (indirect cost), which
yielded 826600 UGX in Table 6.

Table 6 Equipment cost

Unit cost Total cost

S# Material Dimension Quantity
(UGX) (UGX)

1. Galvanized steel 1219.2x1219.2 m 1 75600 75600
2. Mild steel 1219.2 x 1219.2 m 1 55000 55000
3. Heater (hot plate) 0.24x0.24 m 1 40000 40000
4 Rubber clips 6 2000 12000
5. Insulator (air space)
6. Paint (silver colour)

Gloss paint 0.001 m3 1

Silver paint 0.001 m3 1
7. Multi-meters:

EM420Aallgsun 3 70000 210000

UNI-T UT33C 4 70000 280000
8. Welding (Oxy- acetylene) 120000
9. Coating/spraying 10000
10. Wooden support 1 4000 4000
11. Transportation 20000

Grand total 826600

4. CONCLUSION

The design and fabrication of an insulation testing rig has been successfully realized. Three aspects of the designs; the geometric,
stress and thermal designs were well articulated in computing the values of the key design parameters; the optimum insulation
thickness around the finned bath, the critical insulation thickness around the dead pipe and the thickness of the steel sheet to
withstand the maximum allowable stress (Hoop stress) in the ITR.

The optimization of the finned bath component of the ITR was feasible due to the systematic formulation of the design
equations for the geometric, stress and thermal designs. Consequently, the optimum insulation thickness at the finned bath was
established by simple first order derivative (a gradient method) and the same optimization technique was extended in determining
the critical insulation thickness for the dead pipe.

The architectural designs of the ITR was influenced by the optimum insulation thickness around the finned bath, critical thickness
of the insulating material around the dead pipe and Hoop supported steel sheet thickness. Furthermore, the design data were
translated into several engineering drawings which aided in the fabrication of the physical system of the ITR.

The physical system serves multi-purpose functions; the performance evaluation of insulating materials, estimation of field
thermal conductivity of insulating materials and lastly, as laboratory demonstration equipment for heat transfer studies.
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	Besides, the ITR is intended to be flexible for testing insulating materials of different sizes such as pulverized and fibrous materials due to the advantage of elongated cylindrical testing surface.

