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Figure 3 
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Figure 4 
401 33 first fluid is applied at a controlled tersipeature to 

a heating heat exchanger 

403 
a second fuit dat is cokler than the first flud is 

applied at a controlled temperature to a cooling heit 
excluinger 

the cold heat exchanger is placed inside a cylindrical 405 

407 the cylindrical insulator is filled with an aggregate 

the hot heat exchanger is inserted into the cylindrical 409 insulator 

411 
the icmperature is ronitored 3 recorded until the 
temperature of the hot place and cold pisite are in 

equilibrium 

413 the temperature of the pilates at various points may 
be used to calculate hun fiux 



U.S. Patent Feb. 16 , 2021 Sheet 5 of 5 US 10,921,273 B2 

Figure 5 

501 



5 

10 

15 

US 10,921,273 B2 
1 2 

APPARATUS FOR MEASURING THE For this reason , it is highly desirable to provide an apparatus 
EFFECTIVE THERMAL CONDUCTIVITY OF that overcomes such limitations . 

PACKED BED OF AGGREGATES 
SUMMARY OF THE INVENTION 

CROSS REFERENCE TO RELATED 
APPLICATION According to certain embodiments , an apparatus may 

include a first assembly . The first assembly may include a 
This application is related to and claims the priority of first faucet , a first brass cover , a first heat exchanger body , 

U.S. Provisional Patent Application No. 62 / 545,721 , filed on and a first aluminum plate . The apparatus may also include 
Aug. 15 , 2017 , which is hereby incorporated herein by a second assembly . The second assembly may include a 
reference in its entirety . second faucet , a second brass cover , a second heat exchanger 

body , and a second aluminum plate . The apparatus may 
FIELD OF THE INVENTION further include a cylindrical insulator , wherein the first 

assembly and the second assembly may be placed into 
The present invention relates to systems and methods for opposite ends of the cylindrical insulator . 

measuring thermal conductivity of packed beds of aggre- In an embodiment , the first brass cover and the first heat 
gates , packed beds of granular materials , and packed beds of exchanger body may be connected together with bolts , and 
homogenous mixtures . the second brass cover and the second heat exchanger body 

20 may be connected together with bolts . In another embodi 
BACKGROUND OF THE INVENTION ment , an aggregate may be placed inside the cylindrical 

insulator between the first assembly and the second assem 
Embodiments of the present invention solve many of the bly . In another embodiment , the first heat exchanger body 

problems and / or overcome many of the drawbacks and may include internal fins , and the second heat exchanger 
disadvantages of the prior art by providing systems and 25 body may include internal fins . 
methods for measuring thermal conductivity of packed bed According to an embodiment , a first water outlet tap may 
of materials . be connected to the first brass cover and transfers fluid from 

Thermal conductivity characterizes the ability of a mate- the first heat exchanger body to a first heat pump , and a 
rial to conduct heat . Traditional methods for measuring the second water outlet tap may be connected to the second 
thermal conductivity of materials comprise imposing a tem- 30 brass cover and transfers fluid from the second heat 
perature gradient upon a material of known geometry , and exchanger body to a second heat pump . In another embodi measuring the heat flow through the material . The heat flow ment , the first assembly may include a first conductivity is measured by , for example , measuring the temperature plate , and the second assembly may include a second drop across a sheet of known thermal conductivity . The effective thermal conductivity of a material consist- 35 conductivity plate . The first conductivity plate may be 

placed between the first aluminum plate and the first heat ing of multiple components depends on the geometrical 
configuration of the components as well as on the thermal exchanger body , and the second conductivity plate may be 
conductivity of each . The thermal properties of a material , placed between the second aluminum plate and the second 

heat exchanger body . for example , specific heat , thermal conductivity , and thermal 
diffusiveness , vary based on the type of material . In an embodiment , a first plate and a second plate may be 

There are a number of ways to measure thermal conduc attached to opposite surfaces of the first conductivity plate of 
tivity . Each of these ways is suitable for a limited range of the first assembly , and a third plate and a fourth plate may 
materials , depending on the thermal properties and the be attached to opposite surfaces of the second conductivity 
temperature of the medium . For instance , many practitioners plate . In another embodiment , the first plate may serve as a 
in the art have proposed various methods for measuring 45 contact face between a heating heat exchanger and an 
thermal conductivity that require use of a known material , or aggregates , and the third plate may serve as a contact face 
samples that are homogenous . Unfortunately , none of these between a cooling heat exchanger and the aggregate . 
methods is suitable for measuring the effective thermal According to certain embodiments , a method may include 
conductivity of packed bed of aggregates for a variety of placing a first heat exchanger assembly inside a first end of 
reasons . For example , in a solid medium , the heat transfers 50 a cylindrical insulator . The method may also include placing 
through the solid cross section . However , in packed beds , the aggregate inside the cylindrical insulator through a second 
heat transfers through localized contact points between each end of the cylindrical insulator , placing a second heat aggregate and its neighbors . This heat transfer mechanism exchanger assembly inside the second end of the cylindrical reduces the effective thermal conductivity of the packed bed insulator . The method may further include monitoring and compared to its solid pack value . For example , the thermal 55 recording the temperature of the first heat exchanger assem conductivity of a solid pack of limestone is 2.0 W / mK , while bly and the second heat exchanger assembly at various the effective thermal conductivity of a packed bed of lime 
stone aggregate with a porosity of 25 % is about 0.15 . points on plates of the first heat exchanger assembly and 

At best , the existing devices are only suitable for mea second heat exchanger assembly until the temperature of the 
suring the thermal conductivity of solid materials or for very 60 first heat exchanger assembly and second heat exchanger 
fine granular materials like powders , such as those with less assembly is equal . Further , the method may include calcu 
than 1.0 mm diameter . lating heat flux . 

To date , there is no device suitable to measure the thermal Additional features , advantages , and embodiments of the 
conductivity of a homogeneous mixture with any size of invention are set forth or apparent from consideration of the 
substances mixed . Furthermore , there is no device capable 65 following detailed description , drawings and claims . More 
of measuring the conductivity of aggregates with various over , it is to be understood that both the foregoing summary 
constituents and different values of porosity and humidity . of the invention and the following detailed description are 

40 
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exemplary and intended to provide further explanation with- num , brass , and / or copper . Heat exchanger body 103 may be 
out limiting the scope of the invention as claimed . composed of one material or a variety of materials , including 

aluminum , brass , and / or copper , and may include internal 
BRIEF DESCRIPTION OF THE DRAWINGS fins to enhance its heat exchanging efficiency . Water outlet 

5 tap 107 may be connected to cover 102 to transfer fluid from 
The accompanying drawings , which are included to pro- heat exchanger body 103 to heat pump 108 . 

vide a further understanding of the invention and are incor FIG . 2 shows a breakdown of the exemplary apparatus 
porated in and constitute a part of this specification , illustrate shown in FIG . 1. The apparatus may have a first assembly 
preferred embodiments of the invention and together with comprising a faucet 201 to which a hose may be connected 
the detailed description serve to explain the principles of the 10 exterior to the apparatus , a cover 202 , and a heat exchanger 
invention . body 203 , which may be connected together via one or more 
FIG . 1 illustrates an exemplary apparatus for measuring bolts 204. The first assembly may also contain a plate 206 

thermal conductivity without hoses according to certain that is attached to heat exchanger body 203 at the end 
embodiments . opposite of cover 202 , where plate 206 is connected to heat 
FIG . 2 illustrates a cross - section of an exemplary appa- 15 exchanger body 203 via additional bolts . The first assembly 

ratus for measuring thermal conductivity without hoses may be placed into the opening at a first end of a cylindrical 
according to certain embodiments . insulator 205. A second assembly may also formed of a 
FIG . 3 illustrates a cross - section of a first assembly and a similar faucet , brass cover , heat exchanger body , and alu 

second assembly according to certain embodiments . minum plate , and placed into the cylindrical insulator 205 at 
FIG . 4 illustrates an example of a method according to 20 the end opposite of the first assembly . The apparatus may 

certain embodiments . also comprise a low thermal conductivity plate 207 , which 
FIG . 5 illustrates an example of a plate . includes at least two faces , and a plate 208. Low thermal 

conductivity plate 207 may be composed of one material or 
DETAILED DESCRIPTION a variety of materials , including poly ( methyl methacrylate ) , 

25 acrylic , polycarbonate , polytetrafluoroethylene , steel , or a 
The features , structures , or characteristics of the invention variety of polymers and / or thermoplastics such as polyeth 

described throughout this specification may be combined in ylene , polypropylene , polystyrene , polyvinyl and / or Arty 
any suitable manner in one or more embodiments . For lon . Plate 208 may be composed of one or a variety of 
example , the usage of the phrases " certain embodiments , " materials , including aluminum , brass , and / or copper or other 
" some embodiments , ” or other similar language , throughout 30 material with high thermal conductivity , and may depend on 
this specification refers to the fact that a particular feature , the thickness of plate 208. Low thermal conductivity plate 
structure , or characteristic described in connection with the 207 may be placed between plate 208 and heat exchanger 
embodiment may be included in at least one embodiment of body 203. Additionally , plate 208 may evenly distribute heat 
the present invention . from plate 208 to an aggregate , such as sand or soil . The 

Systems and methods are described for using various 35 apparatus may also comprise a hot plate 209 ( not shown ) and 
tools and procedures for measuring the effective thermal a cold plate 210 ( not shown ) . One or both of hot plate 209 
conductivity of granular materials like concrete aggregates , and cold plate 210 may be attached to opposite surfaces of 
powders , and the like . The examples described herein are for low thermal conductivity plate 207. Hot plate 209 may serve 
illustrative purposes only . The systems and methods as a contact face between a heating heat exchanger and the 
described herein may be used for many different industries 40 aggregate . Cold plate 210 may serve as a contact face 
and purposes , including use in the construction industry , between a cooling heat exchanger and the aggregate . 
food industry and / or other industries . In particular , the Plate 208 may be attached to low thermal conductivity 
systems and methods may be used for any industry or plate 207 in a variety of ways , for example , affixing with 
purpose where measuring thermal conductivity of granular bolts made of poly ( methyl methacrylate ) , acrylic , polycar 
beds is desired . 45 bonate , polytetrafluoroethylene , steel , or a variety of poly 
An apparatus comprises a first assembly , a second assem- mers and / or thermoplastics such as polyethylene , polypro 

bly , and a cylindrical insulator . The first assembly comprises pylene , polystyrene , polyvinyl and / or Artylon . The material 
a first faucet , a first brass cover , a first heat exchanger body , used to affix plate 208 to low thermal conductivity plate 207 
and a first aluminum plate . The second assembly comprises may be to minimize or maximize the heat flux . One purpose 
a second faucet , a second brass cover , a second heat 50 of low thermal conductivity plate 207 may be to decrease the 
exchanger body , and a second aluminum plate . The first temperature , which may be determined by measuring the 
assembly and the second assembly are placed into opposite temperature of the two faces of low thermal conductivity 
ends of the cylindrical insulator . plate 207 . 
FIG . 1 shows the exterior of an exemplary apparatus . It FIG . 3 shows a cross section of a first assembly and a 

may be appreciated that the apparatus constitutes a faucet 55 second assembly . Temperature may be measured at a variety 
101 to which a hose is connected exterior to the apparatus , of points of contact on the two faces of low thermal 
a cover 102 , a heat exchanger body 103 , a cylindrical conductivity plate 207 of FIG . 2 , for example , points 301 , 
insulator 104 , and a bottom assembly 105. The apparatus 302 , 303 , and 304 , as illustrated in FIG . 3. Additionally , a 
may also constitute a water inlet tap 106 ( not shown ) and a circular insulator may be attached to both assembly 1 and 
water outlet tap 107 ( not shown ) . The apparatus may also 60 assembly 2 . 
constitute a heat exchanger body 103 ( not shown ) , which After measuring the temperature at various points , heat 
holds water inlet tap 106 and water outlet tap 107 , as well flux may be calculated using the following formula : 
as a heat pump 108 ( not shown ) . Cover 102 may be used to 
cover and seal heat exchanger body 103. Cover 102 may be P = 0.5x ( ( ( T1 - T2 ) / H / KA ) + ( ( T3 - T4 ) / H / KA ) ) , where : 
composed of one material or a variety of materials , including 65 0 , denotes the heat flux , 
aluminum , brass , and / or copper . Tap 103 may be composed H denotes the thickness of the low thermal conductivity 
of one material or a variety of materials , including alumi- plate , 
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K denotes a constant , and ments , ” or other similar language , throughout this specifi 
A denotes the area of the low thermal conductivity plate . cation refers to the fact that a particular feature , structure , or 
FIG . 4 illustrates an example of a method according to characteristic described in connection with the embodiment 

certain embodiments . In particular , FIG . 4 illustrates a flow may be included in at least one embodiment of the present 
chart of the process of measuring temperature . In step 401 , 5 invention . Thus , appearance of the phrases “ in certain 
a first fluid is applied at a controlled temperature to a heating embodiments , ” “ in some embodiments , ” “ in other embodi 
heat exchanger . In step 403 , a second fluid that is colder than ments , ” or other similar language , throughout this specifi 
the first fluid is applied at a controlled temperature to a cation does not necessarily refer to the same group of 
cooling heat exchanger . As a result , heat will transfer from embodiments , and the described features , structures , or 
a hot plate to a cold plate , causing a temperature difference 10 characteristics may be combined in any suitable manner in 
between the hot and cold plate to occur . In step 405 , the cold one or more embodiments . 
head exchanger is placed inside a cylindrical insulator . In One having ordinary skill in the art will readily under 
step 407 , the cylindrical insulator is filled with an aggregate , stand that certain embodiments discussed above may be 
such as sand or soil . In step 409 , the hot heat exchanger is practiced with steps in a different order , and / or with hard 
inserted into the cylindrical insulator . In step 411 , the 15 ware elements in configurations which are different than 
temperature is monitored and recorded until the temperature those which are disclosed . Therefore , it would be apparent 
of the hot plate and cold plate are in equilibrium . In step 413 , to those of skill in the art that certain modifications , varia 
the temperature of the plates at various points may be used tions , and alternative constructions would be apparent , while 
to calculate heat flux using the following formula : remaining within the spirit and scope of the invention . In 

20 order to determine the metes and bounds of the invention , Pq = ( T1 - T2 ) / H / KA , where : therefore , reference should be made to the appended claims . 
0 , denotes the heat flux , We claim : 
H denotes the height of a transparent plate , 1. An apparatus , comprising : 
K denotes a constant of the transparent plate , and a first assembly , comprising : 
A denotes the area of the transparent plate . a first faucet ; 
In some embodiments , the measured conductivity ranges a first brass cover comprising a surface to which the 

between 0.025-2.0 W / mK . In some embodiments , the maxi first faucet is connected ; 
mum expected measured value for a solid aggregate is 2.0 a first heat exchanger body connected to the first brass 
W / mK . In some embodiments , the minimum expected mea cover via one or more bolts ; and 
sured value for air is 0.025 W / mK . In some embodiments , 30 a first aluminum plate attached to the first heat 
distributor plate conductivity ranges from 1-16 W / mK . exchanger body at an end opposite the first brass 
Calculations may be based upon the difference in plate face cover , wherein the first aluminum plate is attached to temperatures , and may be measurable to within an accuracy the first heat exchanger body via one or more addi of a thermocouple . tional bolts ; 

In some embodiments , the temperature difference for a second assembly , comprising : 
some combinations of thermal conductivities of distributor a second faucet ; 
plates with expected effective thermal conductivities of a second brass cover comprising a surface to which the measured aggregate beds are provided in Table 1 . second faucet is connected ; 

a second heat exchanger body connected to the second 
brass cover via one or more bolts ; and 

Distributor Plate Thermal Conductivity a second aluminum plate attached to the second heat 
exchanger body at an end opposite the second brass 
cover , wherein the second aluminum plate is 
attached to the second heat exchanger body via one Conductivity 16.67 or more additional bolts ; and 

a cylindrical insulator , wherein the first assembly and the 
second assembly are placed into opposite ends of the 
cylindrical insulator . 

2. The apparatus of claim 1 , wherein an aggregate is 
50 placed inside the cylindrical insulator between the first 

FIG . 5 illustrates an example of a plate 501. Plate 501 may assembly and the second assembly . 
serve as a hot plate and / or a cold plate , and may be attached 3. The apparatus of claim 1 , wherein the first heat 
to low thermal conductivity plate 207 , as illustrated in FIG . exchanger body comprises internal fins , and the second heat 
2 . exchanger body comprises internal fins . 

Although the foregoing description is directed to the 55 4. The apparatus of claim 1 , wherein a first water outlet 
preferred embodiments of the invention , it is noted that other tap is connected to the first brass cover and transfers fluid 
variations and modifications will be apparent to those skilled from the first heat exchanger body to a first heat pump , and 
in the art , and may be made without departing from the spirit a second water outlet tap is connected to the second brass 
or scope of the invention . Moreover , features described in cover and transfers fluid from the second heat exchanger 
connection with one embodiment of the invention may be 60 body to a second heat pump . 
used in conjunction with other embodiments , even if not 5. The apparatus of claim 1 , wherein the first assembly 
explicitly stated above . includes a first conductivity plate , and the second assembly 

The features , structures , or characteristics of certain includes a second conductivity plate , wherein the first con 
embodiments described throughout this specification may be ductivity plate is placed between the first aluminum plate 
combined in any suitable manner in one or more embodi- 65 and the first heat exchanger body , and the second conduc 
ments . For example , the usage of the phrases “ certain tivity plate is placed between the second aluminum plate and 
embodiments , " " some embodiments , " " other embodi- the second heat exchanger body . 
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6. The apparatus of claim 5 , wherein a first plate and a 
second plate are attached to opposite surfaces of the first 
conductivity plate of the first assembly , and a third plate and 
a fourth plate are attached to opposite surfaces of the second 
conductivity plate . 

7. The apparatus of claim 6 , wherein the first plate serves 
as a contact face between a heating heat exchanger and an 
aggregate , and the third plate serves as a contact face 
between a cooling heat exchanger and the aggregate . 

8. A method , comprising : 
placing a first heat exchanger assembly having a first 

starting temperature inside a first end of a cylindrical 
insulator ; placing aggregate inside the cylindrical insulator through 
a second end of the cylindrical insulator ; 

placing a second heat exchanger assembly having a 
second starting temperature greater than the first tem 
perature inside the second end of the cylindrical insu 
lator ; 

monitoring and recording the temperature of the first heat 20 
exchanger assembly and the second heat exchanger 
assembly at various points on plates of the first heat 
exchanger assembly and second heat exchanger assem 
bly until the temperature of the first heat exchanger 
assembly and second heat exchanger assembly is equal ; 25 
and 

calculating heat flux across the aggregate based on the 
monitored and recorded temperature of the first heat 
exchanger assembly and the second heat exchanger 
assembly . 
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