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ABSTRACT 

This work presents an experimental and numerical study to investigate 

enhancement the heat transfer values to heat pipe by using fluidize bed. Using 

cement fly ash as a fluidize material that was heated to simulate cement factory 

chimney, the air interred to manufacturing model and heated by electrical heater. Air 

interring with superficial velocity (0.8739,1.1236, and 1.377) m/s. The cement fly 

ash particle putting in air flows way at evaporator part with different height 

(2.5,5,7.5and10) cm. 

The experimental system (test rig) which includes: flowmeters, 

thermocouples, U-tube manometer, valves, heat pipes, wooden box, connected 

airlines, and cyclone, was fabricated to calculate enhancement in heat pipes heat 

gain. Manufacturing three wick heat pipes was the first step the outer and inner pipe 

diameter was (22.25 and 19.80) mm respectively, five stainless steel layers fixed 

inside each pipe. Distilled water was used as working fluid with amount (65.5) ml, 

and all heat pipes was arranging horizontally in test rig. 

All the tests were carried out with a Reynolds number range (Re = 2400 -

318728) and uniform inlet velocity conditions, the experimental study also includes 

preparation of particles and measurement its properties such as density, thermal 

conductivity, and particles diameter. The flow rate, domain and heat pipes surface 

temperature and pressure drop, were measured. 

ANSYS FLUENT bundle-(18) soft program was used to solve the governing 

differential equations in two and three dimensions to study the effect and focus on 

heat transfer improvement and particles behavior inside domain.  



  

II 

 

This study found that The maximum Nusselt number was (35.2) which is 

occurred at (Re = 318728), increasing Reynolds number from (2400 to 318728) 

gives increased in heat gain at heat pipes evaporator part by (72.5) %, also the results 

show that increase solid particle degreased porosity by (9%),also Increasing 

superficial velocity for (0.8739 to 1.337) m/s increased the heat gained at evaporator 

part to (21) %  , The comparison between the experimental and numerical (Nusselt 

number) shows acceptable agreement, and the maximum and minimum differences 

were  ±(18.6, 4) % respectively. 
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NOMENCLATURE 

SYMBOL DESCRIPTION UNITS 

A Surface area of the tube m2 

Ahpev Heat pipe surface area at evaporator part m2 

Ahpco Heat pipe surface area at condenser part m2 

𝐴𝑒𝑣 Cross section area of evaporator air line m2 

𝐴𝑐𝑜𝑛 Cross section area of condenser air line m2 

Av Cross section area for vapor core inside pipe m 2 

Ahole Area for one hole in distributed blat m2 

𝐴𝑒𝑣𝑎. 
cross-section area of the box in evaporator 

part 
m 2 

𝐶𝑓 Specific Heat of (gas- particle) mixture J/Kg .C 

𝐶s Specific Heat of particle  J/Kg .C 

𝐶g Specific Heat of gas J/Kg .C 

Do Heat pipe outer diameter  m 

Dw Wick wire diameter m 

di Heat pipe inner  diameter m 

dh Hydraulic diameter  m 

dp particle diameter µm 

dpi sieve diameter mm 

Flift,q lift force N 

Ƒ Friction factor --- 

G Energy Joule 

G Acceleration of the ground m/s2 

H  Box height  m 

pqh  Interphase enthalpy J/kg.C 

hq Specific enthalpy of the q  phase, J/kg.C 

hm Height different in water manometer m 
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h Heat transfer coefficient W/m2.C 

K Thermal conductivity W/m.k 

Kes  conductivity of fixed beds of particles W/m.k 

Kef conductivity due to fluid flow W/m.k 

Keff Effective thermal conductivity W/m.k 

K p Particle thermal conductivity W/m.k 

K g Air thermal conductivity  W/m.k 

Kls 
momentum exchange coefficient between 

liquid or solid phase 
Kg/s.m3 

Kper  Permeability --- 

L Length m 

Lb Box height  m 

Leff Effective heat pipe length m 

Le Evaporator length at heat pipe  m 

Lc Condenser length at heat pipe  m 

Lad Adiabatic  length at heat pipe m 

ṁ Mass flow rate kg/s 

𝑚 ̇ 𝑎𝑖𝑟 𝑒𝑣𝑎 Air flow rate at evaporator part  kg/s 

𝑚 ̇ 𝑎𝑖𝑟 𝑐𝑜𝑛 Air flow rate at condenser part  kg/s 

pqm
 Mass transfer from p to q phase Kg /s 

qpm
 Mass transfer from q to p phase  Kg/s 

N Number of hole in eva. distributed blat --- 

Qgain Power transferred to evaporator part Watt 

pq
Q  intensity of heat exchange between q and p 

phase 

Watt 

Qv,max Viscous limit Watt 

Qe,max Entrainment limit Watt 

Qc,max Capillary limit   Watt 

Qs, max Sonic limit Watt 
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q  Heat flux Watt 

Rpq Interaction force between phases N 

Rvm virtual mass force N 

rw Wick heat pipe radius   m 

rv Vapor heat pipe radius   m 

rc effective  Capillary radius m 

qs  Source term include source of enthalpy J/kg.C 

𝑇𝑏𝑒𝑑 Bed temperature  OC 

Tsc  Heat pipe average surface temp.at condenser OC 

Tse  Heat pipe average surface temp.at evaporator OC 

Tv  Vapor core temperature  OC 

Us Superficial velocity  m/s 

Um 
Minimum air velocity passing through 

particles  

m/s 

Umf Minimum air velocity create fluidization   m/s 

u, v, w 
Velocity component in Cartesian 

coordinate 

m/s 

v  Phase velocity  m/s  

Vm Virtual mass kg 

Vl Working fluid Volume  m 3 

Vw Wick volume  m 3 

  xi        percentage ratio for particle weight on sieve --- 
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Greek Symbols 

SYMBOL DESCRIPTION UNITS 

  Under relaxation factor  --- 

 q Volume fraction  --- 

 dissipation rate for the turbulent flow --- 

ε Porosity  --- 

εp Wick porosity inside heat pipe  --- 

𝜃 Heat pipe Inclination angle  degree 

λ Bulk viscosity kg/m.s 

μ Dynamic viscosity kg/m.s 

𝜌𝑤 Water Density kg/m3 

𝜌𝑠 Solid  Density kg/m3 

𝜌𝑔 Air Density kg/m3 

ρc Gas-solid mixed density kg/m3 

𝜌𝑓 
 Air-particle mixture density kg/m3 

  surface tension N/m 

τq Stress strain tensor N/m2 

Фi sphercity  --- 

Subscripts 

SYMBOL  MEANING  

a Air 

g Gas 

i Inlet, inner 

o Outlet 

p Particle 

s Solid  
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W Water 

subscripts q and p Primary and secondary phase 

 

Abbreviation 

 

SYMBOL   DESCRIPTION 

ANSYS Analysis System 

CFD Computational fluid dynamic 

FLUENT Fluid And Heat Transfer Code 

H.T.C. Heat Transfer Coefficient 

Nu Nusselt number 

Re Reynolds number 

3D Three Dimension 
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CHAPTER ONE  
Introduction 

 

1.1 Overview    

          Heat pipe called "super thermal conductors" consists of simple content 

but it widely used in manufacture devices to dissipate heat from hot 

components, and can consider it as a kind of heat recovery unit, that leads to 

fuel monetarism. Since the heat recovery work under severe circumstances 

(high temp, pollution of gas) that lead to reduce heat pipe efficiency and that 

evokes researchers to discover new modification to reach a good heat 

transfer rate with low cost and pollution. The high efficiency of the heat pipe 

to heat transfer lead researchers to use it in heat recovery and heat dissipation 

system, figure (1.1) shows the main components of heat pipe [1]. 

  

 

Figure (1.1) main regions and components of heat pipe[2]  
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Gaugler 1942 discovered the first idea of heat pipes, however, it was not in 

deal until 1962, when Grove invented it. Thermal siphon and heat pipe work 

at same principle (evaporating and re-condensing) working fluid, in thermal 

siphon the working fluid return to evaporator by gravity action; while in heat 

pipe the condensed working fluid back to evaporator by capillary force 

during wick. Figure (1.2) shows difference between (wick heat pipe and 

wickless heat pipe (thermosiphon)) [2]. 

Figure (1.2) heat pipe and thermosiphon [2] 

 

        In general, heat pipe is a closed pipe with more than one shape, inside 

surface was coated with metal with a different form according to working 

fluid that used and temperature range inqusation in order to increase the 

capillary force. 

         Filling that pipe with some kind of working fluid, depends on 

temperature range, before charging the heat pipe that should be evacuated 
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from the air. The wick saturated with working fluid while the hole contains 

working fluid vapor. 

           The heat adds to heat pipe in evaporator part so it is considered 

as(source), and losses from it at condenser part, thus, it is regarded as (sink).      

Heat pipe could transfer a large amount of heat with a small amount of 

temperature different. Figure (1.1) declares the main heat pipe region. [2] 

           When using heat pipe in heat exchanger, there are many pipes sort 

together between two gas flows: one of them is exhaust gas and the other is 

for fresh air; and that two flows separated from each other. So increasing the 

amount of heat transfer rate which depends on the area of the pipe can control 

on it by increasing number of the heat pipes. Certainly, that means more cost 

and maintenance time, if it is known that the amount of temperature different 

reaches to the limit and be stable after that. 

          At that point, the researchers start to think with the best way to 

increase heat transfer rate with the decreased area and that stimulates them 

to add fluidize bed from sold particle to hot gas. Under that circumstances, 

the gas layer has physical properties like liquid because of the heat 

conduction coefficient for liquid more than the gas.                         

  

1-2 Effective parameter on heat transfer in heat pipe: 

There are many parameters that  have severe effect on heat pipe heat 

transfer performance as listed below:[3]  

          2: Filling ratio     1: Heat pipe diameter  

3: Working fluid kind               4: The wick type 

5: Pipe material                        6: Operation temperature   

  8: The nature of out media 7: Heat pipe inclination angle 
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Heat pipe manufacturing equations and calculations are listed in 

Appendix-A 

 

1-3 Heat pipe components    

        Heat pipe is sealed container, inside wall there is a wick but in several 

shapes to increase capillary force and the working fluid putting inside heat 

pipe with different ratios according to heat temperature limit and rate of heat 

transfer. The working fluid inside the container works with two phase flows 

liquid and vapor, the heat transfers to heat pipe in evaporator part then the 

fluid inside wick starts to heat until evaporating, then the pressure gradient 

that happened in the evaporator part leads the vapor to the condenser, where 

the vapor transmit to liquid again and back to evaporator by helping capillary 

and gravity forces if the pipe inclined, see figure (1.1) [4], [5]  

 

1-3-1 Container  

           The main part in the heat pipe is a container which is used to separate 

the working fluid from outer environment, it should be leak proof. The 

manufacturing material could be aluminum, stainless steel, copper or 

sometimes used composite material like carbon composite and sometimes 

used the refractory material to prevent corrosion. Selecting of the container 

depends on the following factors: [4] 

1-compatibility between working fluid and the external environment.        

2- Strength –weight ratio  

3- Thermal conductivity  

4- Easily fabrication with welding, ductility, machinability 
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1-3-2 Wick      

        The wick takes the force required to back the working fluid from 

condenser to evaporator, with increased wick layer means increasing the 

capillary force that has a severe effect on the return of working fluid. An 

additional number of wick layer has a great impact on a radial drop in 

temperature between the heat pipe inner surface and vapor-liquid surface 

small pores have a great effect on capillary pressure. Figure (1.3) represents 

some types of wick structure.  

 

 

 

Figure (1-3) some types of wick structure [2] 

 

1-3-3 Working fluid    

         The important consideration in identification is suitable working fluid 

vapor temperature range under test, and also the thermodynamic 

consideration that relates to working fluid flow in heat pipe (sonic, viscous, 

entrainment, capillary and boiling limit). 
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         Choosing the suitable working fluid with specific operation 

temperature prevents thermal degradation that leads to fluid breaking down 

to many components, that’s why thermal stability is very important under 

operation range. 

          On the surface of the liquid, the molecules were pulled due to the 

attraction that prevents molecules to escape, the temperature and pressure 

affected directly surface tension but the temperature has more influence. [2] 

See appendix-A( Table A-1)  represents compatibility data among some 

kinds of working fluid and wick material [5] 

           The important features that should be available in working fluid are 

listed below:[2]        

1-compatibility with wall material and wick. 

2- Good thermal constancy.  

3- Wettability of wall material and wick.  

4- Latent heat should be high.  

5- Thermal conductivity should be high.  

6- Low vapor and liquid viscosity.  

7- Surface tension should be high.  

8- Acceptable pour and freezing point. 

9- Vapor pressure should not have severed fluctuation up and                

down the operating temperature range.   

See appendix-A( Table A-1)  represents different types of working 

fluid with useful temp. Range[2] 
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1-4 Fluidization     

         When the  gas or liquid slowly flow through solid particle, they  flow 

through porous medium, but when the flow speed increased some particle 

leave solid group, a case between that two speed when the drag force is not 

enough for solid particles to leave solid group but also it is not stable that 

case is called [fluidize bed].[6] 

         The properties of fluidized bed are the same of fluid properties, the 

particles that are put in the place is call [packed]. when the flow is slow, the 

air passes through the particles without a change in its position, but when air 

speed increases the particles start changing it positions, the particles 

properties like fluid properties at this point, for example its surface will be 

levelly and also if any object was putting on particle surface it will drown if 

the object has a high density than particles. 

           Using liquid to flow through particles then fluidized bed start stretch 

regularly with increasing flow speed, but when using air, there is instability 

happened in fluidized bed with increasing flow speed and turbulent flow will 

appear. The difference between the two cases is coming from differences in 

density between particles inside and (gas or liquid) at another side. 

           High motion and good mixer in fluidized bed take good advantage 

especially in increasing heat transfer coefficient. [6] 

1.5 Fluidization Phenomenon     

         It is the process forced the particle to move by attaching it with liquid 

or air, in that case, the mixture has physical properties liquid- like. 

        At the start of applied air to the particle container, the air passes through 

distributor and then reaches particles but air velocity was too slow that the 

air passes through the particles and goes out without making any change in 
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particle positions. That is due to the low speed where bed thickness remains 

without change at that time which is called Fixed bed or packed bed. 

        With increasing of superficial velocity with an amount of minimum 

velocity (Um), then the particles –air resistance decreased and air drag force 

increased that lead to increasing the distance between the particles; and all 

particles were expanded by (Lm ) and that very clearly can be observed. That 

process is called mixed bed. 

        With increasing air velocity, the particles continued with expanding in 

a high size. Bubbles start to be created among particles and to be raised 

upward that phase is call a slug. More air velocity increased that bubbles will 

be smaller and closer together, that phase is called turbulent regime. 

Additional liquid velocity, fast fluidization appears. Particles moved at this 

phase as groups where the liquid dissipated the particles , adding more liquid 

velocity could show  pneumatic conveying phase which is a fully 

fluidization, as shown in figure (1.4) [9] 

 

Figure (1.4): Liquid – Solid Fluidize Zones [9]  
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1.6 Particle Size  

          If the particles diameter is less than (5mm) then it can be considered 

as big particles, and if it less than (0.4mm) then it can be considered as small 

particles; for big ones could measure the diameter by micrometer but for 

small ones, the diameter was measured by sieve. Particle diameter measured 

was explained in an experimental chapter. 

        The present calculation considered all particles have spherical shape but 

in fact, that is not correct because many particles have different shapes  

so must multiply by the correction factor, called (  sphericity , Ø) where. 

Ø= (
𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒐𝒇 𝒔𝒑𝒉𝒆𝒓𝒆

𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒐𝒇 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆
)                                                                               ….(1.1) 

   [Kunji] listed amount of sphericity that we relied on the  present work [10]. 

1.7 Pressure drop in fluidized bed  

              At homogenous particle size, air starts passing during air 

distributor, there is not any change in ∆p, but at Um then the ∆p increased 

and also porosity increased, so the Um relates directly to ∆p. 

        With increasing velocity to Umf , the ∆p becomes ∆pmax and porosity 

decreased εmf. If velocity increasing continuously then the bed reaches to air 

layer, sever decreased in ∆p and the relation between ∆p and velocity 

become reverse.[11]. Figure (1.5) shows pressure drop with velocity. 
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         Figure (1.5):  Pressure drop a-velocity relation in a fluidized bed[11] 

1.8 Particle influent in heat exchanger   

           Heat transfer has an important role in several applications as in 

vehicles, electronic circle, air condition system, thermal power stations and 

chemical processes etc. In all previous applications, heat dissipation needs 

heat exchanger as a device, which depends on convective heat transfer, by 

using medium to transfer heat; This media (or medium) was pumped inside 

heat exchanger with calculated values, so need to found suitable media that 

have a high heat transfer coefficient and low viscosity to reduce 

consumption.  Under that futures size and cost are lowered. 

          One of the most important method to enhance heat exchanger 

performance via increased heat transfer coefficient by adding solid particle 

to mixing. The important knowledge was to use high thermal conductivity 

of solid particles which can be hundreds or thousand times larger than that 

of the fluids to increase the mixture thermal conductivity.[10] 
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1-9 The aim of present study 

            Heat exchanger is widely used in industrial life and important in the 

used heat exchanger coming from heat recovery use. The main objectives of 

the present work are:  

1- Study the effect of solid particles on heat pipe heat gain. 

2- Study the effect of air speed on heat pipe heat gain. 

3- Study the effect of solid particles on heat transfer coefficient. 

4- Study the relation between solid particles density and pressure drop.  

5- Study the relation between Nusselt and Renoildes numbers.   

and comparing between experiential and numerical values for all previous 

results. 
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                CHAPTER TWO  
Literature Review 

              This chapter explains the studying deal with the heat pipe as a tool 

of heat exchanger with two phase flows (gas –solid) fluidized bed, and many 

study works in fluidization region.  

            Since heat pipe has an important role in modifying technology and 

advances our life, many sciences studied it. Below are some of those studies:  

2.1 Theoretical Studies 

                        Xu and B. Yu (1997) [12]Studied modelling (gas-solid) flow 

in a fluidized bed in the three-dimensional central jet fluidized bed of 

dimensions 0.9 x 0.15 x 0.004 m. by a computational fluid dynamics (CFD), 

which depends on Newton's third law of motion, The gas-phase equations 

are solved by the conventional SIMPLE method facilitated with the Crank-

Nicolson scheme to give the second order accuracy in the time discretization. 

at different length and time steps   was (1.5×10-5) s.  and takes the second 

order accuracy in the time discretization. Number of particles that used was 

2400 with density 2700 kg/m3.. The aim of this model shows the ability to 

simulate gas fluidization process, from fixed to fully fluidized bed.  

The researcher predicates the fluidization at slow velocity with minimum 

fluidization velocity, founding a good agreement with experimental results. 

The researcher has shown that the model could represent the fluidization at 

largest velocity range and geometry shape. 

                 Fan et al. (2010) [13], studied the solids expansion and 

segregation in a liquid solid fluidized bed using CFD approach. They 

modeled two dimensional Eulerian – Eulerian , unsteady laminar flow in 

fluent  6.3, small size particles in range (1–1.18 mm) were used, the density 

of the particles were different (1600, 1900 kg/m3) which was continuously 
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fluidized by water. The simulation results showed unsteady agreement with 

the empirical data of other similar experimental research. The temperature 

predictions were sensitive strongly due to its influence on liquid viscosity 

and to the shape of particles. The simulation results also influenced by the 

mean size of particles and density. 

                  Ajay and Karnik (2012) [14], performed numerical 

investigation to show how the fluidization minimum velocity affected by the 

height of the bed. Simulations of the Computational Fluid Dynamics (CFD) 

were performed by using the commercial, STAR-CCM+ software. Glass 

beads were used as solid particles with an average diameter of (550 µm) and 

density of (2600 kg/m3). Fluidization minimum velocity was calculated 

using the bed pressure drop and for various ratios of initial bed heights to 

base diameter as (0.5, 1, 2, and 3). Simulations showed that the bed height 

had no influence on the minimum fluidization velocity for cylindrical beds. 

                   Kumar and Pandey (2012) [15], performed a computational 

fluid analysis using the fluent software for circulating fluidized bed gas–

solid combustion mixtures. They offered circulating fluidized bed coal 

combustion. The gas solid flow for the two phase flow circulating fluidized 

bed was described by using the turbulence model (k-ɛ). The Discrete Phase 

Model (DPM) and the non pre mixed combustion species model was used to 

analyze the coal combustion by taking (5 mm) diameter for the solid particles 

and (4, 5, and 6 m/s) as the fluidization velocity. It was concluded that the 

three fluidizing velocities had an insignificant effect of the change in the 

maximum total temperature. The static and total pressure of the bed 

increased as the velocity increased. 

               Tandon and Karnik (2014) [16], studied the dependability of the 

granular model kinetic theory in expecting the flow of gas – solid 

hydrodynamics. They used STAR-CCM+ to simulate the granular Euler-
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Euler model. The fluidized bed pipe model was rectangular with dimensions 

of (3̏ × 9 ̏× 48̏). They used Geldert group D particles with density of (1131 

kg/m3) and air. The results compared with experiments from other research 

and they found that the KTGF calculated the hydrodynamics successfully. 

             Mohammad S.Q. Aldabbagh (2014)[17] described the optimum 

design of heat pipe by using matlaip (7) to ensure transfer greater amount of 

heat to heated the water that enter to steam boiler and also puts important 

point to choose each part of heat pipe (working fluid, container, wick) also 

tilting of heat pipe since gravity has severe effect on heat pipe performance, 

the result shows as: 

1-Heat pipe performance increased with increasing its diameter and wick 

cross section area and wick wire diameter and a number of wick layer and 

specific heat for working fluid. It also increased with increasing heat pipe 

tilting angle until reached to 90o where maximum heat transfer. 

2-working fluid flow rate increased with increasing pipe diameter and wick 

cross section area, the effective length of the heat pipe, inclination angle and 

working fluid heat temperature.   

            Hou, Z. Y et al(2016)[18] Studied the effect of fluidize material 

properties, gas velocity and tube array  on heat transfer between fluidize bed 

and tubes are examined by the two method of computational fluid dynamics, 

discrete element way. In this work, two significant concerns relevant to gas–

solid flows and heat transfer characteristics are addressed by using the 

combined CFD–DEM approach. To investigate the effect of tube array 

settings, particle diameter dp is set to 0.6mmwith a numerically determined 

minimum fluidization velocity (Umf)of 0.36m/s. and particles has a width 

of160dp and height of1,000dp. Tube diameter is 20dp. As the main aim of 

this part is to examine the effect of tube array settings, all the cases are 

carried out at a low tube temperature (Ts) of 200 °C where radiative heat 
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transfer is negligible. The inlet gas velocity is set to 3Umf.The results show 

that if the material has a small cohesive the conductive heat transfers 

between a fluidized bed and a tube then dominant and the convective heat 

transfer is dominant for big non-cohesive particles. The gas velocity has 

sever effect on particle uniformity and heat distributed. The tubes were 

arranged as a line and staggered type to show that two sorts affect 

microscopic properties such as porosity and number of contact the surface, 

due to that comprehend led to choses suitable tubes sort.           

2.2 Experimental Studies 

 

               GREWAL. N. S.  (1980) [19] experimentally performed suitable 

correlation, for heat transfer coefficient, between solid-air fluidize bed and 

single electrical heated horizontal tube.(considering the heat pipe as 

horizontal heated tube). This correlation is based on the experimental data 

for heat transfer coefficient between electrically heated horizontal tube 

bundles (12.7 and 28.6 mm diam.) and square fluidized beds (30.5 x 30.5 

cm)_of alumina (dp = 259 µm) and silica sand (dp = 167 and 504 µm). The 

tubes in the bundle are located at the vertices of equilateral triangles with 

pitch varying between 1.75 and 9 times the tube diameter. The researcher 

discusses the effect of size, shape, specific heat, density, air mass fluidize 

velocity, tube material, tube size, bed high, heat flux and heat transfer rate. 

               Udell. K. S.  (1985)[20] studied the effect of porous media 

saturated with vapor and liquid (single component ). On heat pipe 

performance taking in consideration, capillarity, gravity force also phase 

change, amount of heat transfer increased several order of magnitude than 

pure conduction, because of convection-condensation and evaporation 

phenomena similar to (conventional heat pipe). Thermal conductivities were 

calculated for much medium permeability's and gravitational orientation. 
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Theoretical results give good agreement with experimental results, the 

results are the following.  

1- Using counter flow in porous media gives as more efficient for heat                  

transfer.  

2- With decreasing permeability, the temperature difference between two 

phase zones increased. 

3- Thermal conductivity with two-phase zones higher than single phase 

conductivity with high permeability media.                             

             Kobro and Brereton ( 1986) [21]improved experimentally the heat 

transfer coefficients in a pipe with  3 m long and 0.2 m diameter using 

circulation fluidize bed ( CFB) technology, using a small (100) mm. heat 

transfer probe. The researcher found heat transfer coefficients were (70 – 

280) W/m2.k for heat range (25-850)oC. also found increasing in the heat 

transfer coefficients with cumulative suspension density. 

                   Dry et al. (1992) [22] worked on a thermal technique to calculate 

the gas residence time, and guess contact efficiency between gas- solids, in 

a circulation fluidize bed at high-velocity, up flow.  Hot air was supplied by 

passing air on electric furnace which increases air temperature to 550 oC; 

mixing between air and solid will be done at riser. The thermal reply was 

computed to obtain the interaction efficiency between the solid and gas. 

The study showed the effects of reactor geometry, interring gas method, 

operating condition. Type and particle density has the important outcome on 

the(gas-solid) contact efficiency. Fine particles gave more contacting than 

coarser particles, decreasing overall contact efficiency with decreasing inlet 

area. 

             Ninad, S. (2003)[23] studied use of  a heat pipe to enhance the 

engine efficiency and net power output where it decreased in summer 
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because of hot air entering the composition chamber from the turbocharger. 

The researchers used heat pipe to cool the air entered to turbocharge. Using 

that method means increasing in air density and that also means increasing 

the air mass and flow rate. Under these circumstances, the compressor can 

move high amount from air mass for the same volumetric air flow rate 

                  Parise. M. R (2006):[24] experimentally studied tube immersed 

in gas-solid fluidized bed where cold water inside tube  is heated via the 

particles of fluidizing bed; particles  inlet temperature is (450-700) oC. The 

study deals with the effect of solid particles amount in fluidized bed and 

distance between baffles in the heat exchanger. The solid particle with 254 

µm from silica sand, that sand fluidize in the channel with 0.9 m long and 

0.15 m width. 

The researcher takes the measurement at study state for solid mass flow rate 

(10 -100) kg/h, and there are (5- 8) baffles in the heat exchanger. 

The temperature taking along the heat exchanger in fluidize bed and heat 

balance was made for different control volumes in order to obtain the axial 

profile of (bed to the tube) heat transfer coefficient.  

The result is with an increased mass flow rate for a solid particle that leads 

to increase heat transfer coefficient with the presence of baffles, also the 

researcher found that when the number of baffles 5-8 there is no observed 

change happened.  

                     Ahmad. H. H (2011)[25] investigated experimentally the 

effect of working fluid and falling ratio on heat pipe performance by using 

heat pipe with 600 mm length and evaporator section with 200 mm length 

and adiabatic section 100 mm. pure water and pure acetone was used , then 

mixed them with different ratios (30,50,70) % and heated the evaporated part 

with different powers (125-250) Watt with 25-watt step, and isolated each 
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evaporate and adiabatic part so loss not exceeds 10%, after sketching the 

heat transfer coefficient with working fluid and position in heat pipe, the 

researcher found:  

1- The evaporator surface temperature increased from the first part of the 

evaporator until becoming maximum value at the middle of the evaporator 

and then started to decrease in the residual part of the evaporator and 

adiabatic section. 

2- The same result in item 1 can be got when using water and acetone with 

a falling ratio of 30%. 

3- Maximum heat transfer coefficient get when using water as working fluid 

and a minimum of the same factor at 50% mixing ratio, the researcher 

translates case by changing material properties by mixing. 

4- Sketch the relation to calculate the heat transfer coefficient at a surface 

temperature at the pure water and different falling ratio mixture, maximum 

heat transfer coefficient was found at the pure water. 

                       Yang et. al. (2012)[26] studied the way to reduce heat pipe 

weight, and chose the correct heat pipe metal to prevent: (corrosion, create 

gas), using light weigh material that reduces weight for more than 80%; but 

there are many limitations in using like that material, water, for example. 

Water is the most desirable working fluid but when used with aluminum 

alloy, magnesium alloy must add more addition to avoid generate non 

condensable gas that gas blocks vapor line and causes local temperature 

drop. 

The researcher finds that reducing the wick structure can reduce heat pipe 

weight but more thin wick layer means less capillary force that affect heat 

pipe efficiency. 
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Also making heat pipe size small can be an important way to reduce weight. 

Aluminum has 25% of copper weigh and also (50-60) % from copper 

conductivity but aluminum seldom is used alone so corrosion protection adds 

to it when water used as working fluid and some time lead adds to internal 

surface to improve corrosion resistance.                              

                  Salwe. A. M.  (2013) [27]Studied experimentally heat transfer 

coefficient between heated tube immersed in bubbling (gas-solid) fluidize 

bed with different angles, air superficial velocities, and particle diameters. 

The bed was silica sand particles with diameter (200, 350 and 500) μm, the 

results showed that maximum and minimum heat transfer coefficient was at 

tube angle (180 ,0) o respectively. experimental rig consists of fluidizing 

column is of 59 mm internal diameter and 3 mm thickness and 1 m height, 

made up of Plexiglas to aid visualization. A fine mesh of copper is used as a 

distributor plate. A brass tube of external diameter 10 mm and length 50 mm 

is fitted horizontally inside the column. The axis of brass tube is 

perpendicular to the axis of fluidizing column. A Cartridge heater of 6 mm 

outer diameter and 45 mm long is inserted inside the brass tube. Axis of brass 

tube is at the distance of 185 mm from the distributor plate.  Results showed 

increasing heat transfer coefficient with increasing air superficial velocity, 

and decreasing by increasing particle diameter. The heat transfer coefficient 

correlation was a predicate to horizontal tube immersed in a fluidize bed, 

also correlation for the Nusselt number, compering heat transfer coefficient 

and Nusselt number between experimental values and that produced from 

correlation affect a good agreement. 

                    Asirvatham. L.G.et.al. (2013)[28] performed experimentally. 

how to improved heat pipe heat transfer performance by using silver 

Nanoparticle with DI-water. That happened by increasing thermal 

conductivity with power range (20-100) W. And under consideration many 
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variables such as vapor temperature, volume fraction, and thermal resistance. 

The researcher used (0.003-0.009) % nanoparticle concentration with 

average diameter 58.35nm, by using copper heat pipe with length 180 mm, 

diameter 10 mm, thickness 0.5mm. Evaporator and adiabatic and condensed 

length (50,50,80)mm respectively. Copper wick used with two layers 

100/inch, used thermocouple T type 8 to evaporator and 3 to condenser and 

an adiabatic section. The water enters to condenser part with rate 260 L/min 

at constant interring temperature 24 oC.  

The researcher uses four pipes. One of them used just distilled water inside 

and the other mixed Di-water with Nano with different mixing ratio and all 

pipe tested under same circumstances (flow rate, interring heater power, and 

water temperature) and the power increased in heater from (20-100) W. 

The researcher found 76.2% reduction in thermal resistance and 52.7 

enhancement in heat transfer coefficient at used Nano with 0.009% 

concentration. The dryness increased if evaporator power increased more 

than 100 W approximately (106 watts at 0.003%), (113 Watts at 0.006%); 

Thermal conductivity increased for (42.4-56.8-73.5) at (0.003-0.006-

0.009)% respectively. and also heat transfer coefficient increased with 

increasing Nanoparticle concentration . 

             Lechner et al 2014 [29], examined the heat transfer by fluidized 

beds when used a cylindrical heater, for just one and also when used many 

of them. Also study changing fluidize bed material affects heat transfer, but 

it doesn’t take in consideration influence of heater geometry on heat transfer. 

The heaters are arranged at different vertical and horizontal spacing, 

alignment also investigated; Tests were done by means of electrical heat 

transfer probes inside a 0.15 m2 fluidized bed area. And it used a (lignite) as 

a solid particle in order to comprehend gas - particles heat convection 

mechanisms. 
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Particles that used with diameter range (0– 2) mm, and Superficial velocity 

is adjusted via a frequency converter typically between (0.1 and 0.5) m/s 

 The study showed that tube array decreases the heat transfer coefficient 

because of particle -gas flow turbulences produced via the occupied tubes, 

and predicates a factored represent the ratio between heat transfer coefficient 

and a number of the heater. Tube package geometry was successfully applied 

into beneficial correlations for forecasting heater bundles' heat transfer of 

(gas-solid) fluidized bed. 

2.3 Experimental and Theoretical Studies 

             Moslemian et. al. (1991) [30]studied the heat transfer coefficients 

to the surface immersed in fluidize bed and study the particle speed effect, 

that experimental done for many locations of a simulated tub, and at the 

single immersed cylinder. The tube diameter was 184 mm. I.D. The 

researcher used soda-lime glass with diameter (425-600) µm, and air 

superficial velocities 35.6, 54.9, 77.2, and 100.4 cm/s. The results showed 

the steady relationship between particle motion and heat transfer rate at all 

locations. The study explains the heat transfer coefficient model, and 

compare it with another researcher’s correlation, and found deprived 

agreement at low speed, but good agreements at high speed.  

             El-baky and Mohamed  (2006)  [31] Used a heat pipe as a heat 

recovery in air conditioner system, putting the heat pipe between return air 

from the room and fresh air hole, to cool the fresh air before entering to AC, 

and investigated the thermal performance and effectiveness of heat recovery 

system. The Ratios of return air mass flow and fresh air are (1, 1.5 and 2.3). 

Fresh air inlet temperature of (32 – 40) oC while the return air temperature 

kept stable at 26 oC. As the results showed. The effectiveness, heat transfer 

for heat pipe in evaporator and condenser part are enlarged to about 48 % 

when increasing inlet air temperature to 40 oC. The mass flow rate has 
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appositive and negative effect at the evaporator and condenser part 

respectively. The best heat pipes heat exchanger effectiveness is estimated, 

comparing that effectiveness amount with experimental. Two results are 

closed together when fresh inlet air temperature close the heat pipes 

operating temperature. 

              Hafidh.H.Mohammed(2011)[32] performed experimentally and 

numerically  circulation fluidized bed. To explain fluidization effect on heat 

transfer coefficient. The experimental rig was fabricated from tube with 1500 

mm long and inner diameter 76mm ,used cylindrical  heater with 28 mm 

diameter, the power  supply changed (50,105 and190)W, air velocity supply 

at(4.97,5.56,6) m/s ,different particle size used(194-356)µm , with particle 

bed thickness (15-35)cm. using cyclone as return particle device ,in addition 

to heat sensor that distributed in region to determine the heat distribution 

inside tube, also finite different method to measure heat inside domain .a 

good agreement between experimental and numerical values .The results 

shows that heat transfer coefficient and heat flux increased with increasing 

velocity and particle thickness which represent density but that depends 

inversely on particle size.  

          Sahoo. P.  and Sahoo. A (2015) [33] studied properties of fluidized 

bed in the cylindrical column ID=12 cm with 70 cm high made from Perspex 

(acrylic), useing cloth as pores of approximately 40 microns tight at bottom 

with flange help, and also flange covered by cloth .The particle with density 

of 1300 kg/m3 and the air passes from bottom of column and uses U tube 

manometer to determine air flow rate bay this rig. The researcher gets his 

experimental results and theoretical results getting from CFD to validate 

with time step=0.001, grid size=0.002 the programming assumption are: 

1- Unsteady state gas-solid system. 

2-No mass transfer between gas and solid phase. 
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3- Neglected viscosity and isothermal. 

4- At a bottom uniform velocity.  

The research has shown that  

Eulerian model with 2D takes close to a real effect, choose correct boundary 

condition to give as acceptable modeling result inside fluidize bed, CFD 

could show as bubble path through the particle. 

 

                   Pakam Y. et al (2016)[34] design the analytical model has been 

fabricated represents 13 heat pipes , sorted vertical-staggered ,each heat pipe 

charges with Ethanol as a working fluid ,all heat pipes with 320 mm overall 

long ,150mm evaporating section,150mm condenser section and 20mm 

adiabatic section ,at evaporator part hot air with temperature range (100-

140)oC .with flow rate (180-230)L/min. while at condenser water passing 

with constant temperature 30oC, and with flow rate (0.25-0.75)L/min. used 

MATLAB to simulate outlet water temperature. The result showed 

differences between experimental and theoretical heat pipe effectiveness 

which was (4-15) % respectively .and maximum hot air inlet at 140oC getting 

maximum effectiveness of about 91%. 

2.5. The scope of This Work 

Many researchers deal with modifying the performance of heat pipe since 

1942. All that modification depends on temperature sensor to measure heat 

temperature fixed on the heat pipe surface. Some of them studied falling ratio 

effect on heat pipe performance, the other study working fluid effect, wick 

type and structure also inclination angle have been studied. 

In present work. Effect of fluidized bed was studied via applied different 

level of particles and hot air attack that particles. And calculate the 

improvement amount at heat pipe performance. Also compared the result 
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with model design by CFD that was modeled within experimental boundary 

condition. 

2.6. Summery 

           All literature presented in this chapter is listed below 

                     Table (2.1): Summery of the Literatures 

Numerical Studies 

No.  

 

Researches  

 

Year  

 

Numerical 

method 

Geometry 

/flow type  

Working range   Results  

 

1 Xu and B. 

Yu 

1997 Conventional 

SIMPE 

method 

(0.9×0.15

×0.004)m 

Particle number 

was 2400 

Predicate the 

fluidization at low 

velocity . 

2 Fan et al 2010 FLUENT6.3 

two 

dimensional 

Eulerian-  

Eulerian , 

unsteady 

laminar flow 

studied 

the solids 

expansion 

and 

segregatio

n in a 

liquid 

solid 

fluidized 

bed /up 

flow 

Particles di. 

(1–1.18 mm)  

Density (1600, 

1900 kg/m3) 

The simulation results 

showed unsteady 

agreement with the 

empirical data of other 

similar experimental 

research 

3 Ajay and 

Karnik 

2012 (CFD) were 

performed by 

using the 

commercial, 

STAR-

CCM+ 

software 

Cylindrica

l geometry   

initial bed heights 

to base diameter as 

(0.5, 1, 2, and 3), 

particles 

diameter of (550 

µm), and density 

of (2600 kg/m3). 

 

Simulations showed 

that the bed height had 

no influence on the 

minimum fluidization 

velocity for cylindrical 

beds 

4 Kumar 

and 

Pandey 

2012 ANSYS 

FLUNT 

turbulence 

model (k-ɛ). 

The Discrete 

Phase Model 

(DPM) 

circulating 

fluidized 

bed gas–

solid 

fluidization 

velocity (4, 5, and 

6 m/s), Particle 

diameter (5) mm  

 

the three fluidizing 

velocities had an 

insignificant effect of 

the change in the 

maximum total 

temperature. The static 

and total pressure of the 

bed increased as the 

velocity increased. 
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5 Tandon 

and 

Karnik 

2014 used STAR-

CCM+ to 

simulate the 

granular 

Euler-Euler 

model 

rectangula

r with 

dimension

s of (3̏ × 9̏ 

× 48̏) 

particles with 

density of (1131 

kg/m3 

 

6 Mohamma

d S.Q. 

Aldabbagh 

2014 matlaip (7) described 

the 

optimum 

design of 

heat pipe 

important point to 

choose each part of 

heat pipe (working 

fluid, container, 

wick) 

Heat pipe performance 

increased with 

increasing its diameter 

and wick cross section 

area and wick wire 

diameter and a number 

of wick layer and 

specific heat for 

working fluid 

7        Hou, 

Z. Y et al 

2016 CFD–DEM 

approach 

Horizontal 

tubes  

dp is set to 0.6mm  

(Umf)of 0.36m/s , 

width of160dp and 

height of1,000dp. 

Tube diameter is 

20dp 

 

The gas velocity has 

sever effect on particle 

uniformity and heat 

distributed 

Experimental study 

No.  

 

Researches  

 

Year  

 

Experiment

ally  

method 

Geometry 

/flow type  

Working range   Results  

 

8                

GREWA

L. N. S.   

1980 discusses the 

effect of size, 

shape, 

specific heat, 

density, air 

mass fluidize 

velocity, tube 

material, 

tube size, bed 

high, heat 

flux and heat 

transfer rate. 

square 

fluidized 

beds (30.5 

x 30.5 cm) 

of alumina (dp = 

259 µm) and silica 

sand (dp = 167 and 

504 µm 

experimentally 

performed suitable 

correlation, for heat 

transfer coefficient, 

between solid-air 

fluidize bed and single 

electrical heated 

horizontal tube 
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9 Udell. K. 

S 

1985 studied the 

effect of 

porous media 

saturated 

with vapor 

and liquid 

(single 

component ). 

On heat pipe 

performance 

Heat pipe  taking in 

consideration, 

capillarity, gravity 

Using counter flow in 

porous media gives as 

more efficient for heat                  

transfer.  

 

10 Kobro 

and 

Brereton 

1986 circulation 

fluidize bed ( 

CFB) 

pipe with  

3 m long 

and 0.2 m 

diameter 

heat range (25-

850)oC 

found heat transfer 

coefficients were (70 – 

280) W/m2.k  

11 Dry et al. 1992 calculate the 

gas residence 

time, and 

guess contact 

efficiency 

between gas- 

solids 

CFB air temperature to 

550 oC 

Fine particles gave more 

contacting than coarser 

particles, 

12              

Ninad, S 

2003 heat pipe to 

enhance the 

engine 

efficiency 

Heat pipe  used heat pipe to 

cool the air entered 

to turbocharge 

compressor can move 

high amount from air 

mass for the same 

volumetric air flow rate 

13 Parise. 

M. R 

2006 tube 

immersed in 

gas-solid 

fluidized bed 

where cold 

water inside 

tube  is 

heated 

channel 

with 0.9 m 

long and 

0.15 m 

width. 

 

 particles inlet 

temperature is 

(450-700) oC, 

flow rate (10 -100) 

kg/h 

increased mass flow 

rate for solid particles 

that leads to increase 

heat transfer coefficient 

14 Ahmad. 

H. H 

2011 investigated 

experimental

ly the effect 

of working 

fluid and 

falling ratio 

on heat pipe 

performance 

heat pipe 

with 600 

mm length 

Mixed ratios 

(30,50,70) %, 

powers (125-250) 

Watt 

Maximum heat transfer 

coefficient get when 

using water as working 

fluid and a minimum of 

the same factor at 50% 

mixing ratio, 

15 Yang et. 

al 

2012 studied the 

way to 

reduce heat 

pipe weight 

Heat pipe  Heat pipe 

limitations  

reducing the wick 

structure can reduce 

heat pipe weight but 

more thin wick layer 

means less capillary 

force that affect heat 

pipe efficiency. 
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16 Salwe. A. 

M 

2013 Studied 

experimental

ly heat 

transfer 

coefficient 

between 

heated tube 

immersed in 

bubbling 

(gas-solid) 

fluidize bed 

rig 

consists of 

fluidizing 

column is 

of 59 mm 

internal 

diameter 

and 3 mm 

thickness 

and 1 m 

height, 

made up 

of 

Plexiglas 

particles with 

diameter (200, 350 

and 500) μm, 

.  Results showed 

increasing heat transfer 

coefficient with 

increasing air 

superficial velocity, and 

decreasing by 

increasing particle 

diameter 

17 Asirvath

am. 

L.G.et.al 

2013 performed 

experimental

ly. how to 

improved 

heat pipe 

heat transfer 

performance 

by using 

silver 

Nanoparticle 

with DI-

water 

Heat pipe 

with using 

copper 

heat pipe 

with 

length 180 

mm, 

diameter 

10 mm, 

thickness 

0.5mm.   

power range (20-

100) W, 

used (0.003-0.009) 

% nanoparticle 

concentration 

 

76.2% reduction in 

thermal resistance and 

52.7 enhancement in 

heat transfer coefficient 

at used Nano with 

0.009% concentration. 

18              

Lechner 

et al 

2014 examined the 

heat transfer 

by fluidized 

beds when 

used a 

cylindrical 

heater 

 Particles diameter 

range (0– 2) mm, 

Superficial 

velocity  

(0.1 and 0.5) m/s 

 

The study showed that 

tube array decreases the 

heat transfer coefficient 

because of particle -gas 

flow turbulences 

produced via the 

occupied tubes 

Experimental and numerical studies 

No.  

 

Researches  

 

Year  

 

Experiment

al numerical  

method 

Geometry 

/flow type  

Working range   Results  

 

19 Moslemi

an et. al 

1991 studied the 

heat transfer 

coefficients 

to the surface 

immersed in 

fluidize bed 

and study the 

particle 

speed effect 

tube 

diameter 

was 184 

mm. I.D 

Particles diameter 

(425-600) µm 

superficial 

velocities 35.6, 

54.9, 77.2, and 

100.4 cm/s. 

explains the heat 

transfer coefficient 

model, and compare it 

with another 

researcher’s correlation 

20              

El-baky 

and 

2006 Used a heat 

pipe as a heat 

recovery in 

air 

Horizontal 

heat pipe  

Fresh air inlet 

temperature of (32 

– 40) oC 

The effectiveness, heat 

transfer for heat pipe in 

evaporator and 

condenser part are 
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Mohame

d 

conditioner 

system 

enlarged to about 48 % 

when increasing inlet air 

temperature to 40 oC 

21               

Hafidh.H

.Moham

med 

2011 circulation 

fluidized bed 

and used finite 

element 

method  

tube with 

1500 mm 

long and 

inner 

diameter 

76mm 

,used 

cylindrical  

heater with 

28 mm 

diameter, 

power  supply  

(50,105 and190)W 

air velocity supply 

at(4.97,5.56,6) m/s 

,different particle 

size used(194-

356)µm , with 

particle bed 

thickness (15-35)cm 

heat transfer coefficient 

and heat flux increased 

with increasing velocity 

and particle thickness 

which represent density 

but that depends inversely 

on particle size.  

 

22 Sahoo. P.  

and 

Sahoo. A 

2015 circulation 

fluidized bed  

and used 

ANSYS  

cylindrical 

column 

ID=12 cm 

with 70 cm 

high made 

from 

Perspex 

(acrylic), 

The particle with 

density of 1300 

kg/m3 

The researcher gets his 

experimental results and 

theoretical results getting 

from CFD to validate 

23 Pakam 

Y. et al 

2016 Air at 

evaporator 

part and water 

at condenser 

part  

13 heat 

pipes  

with 320 

mm overall 

long also 

used 

MATLAB 

 

temperature range 

(100-140)oC .with 

flow rate (180-

230)L/min 

 

maximum hot air inlet at 

140oC getting maximum 

effectiveness of about 

91%. 

 

24 The 

present 

work  

2019 Three heat 

pipes with 

particles in 

evaporator 

part and fresh 

air in 

condenser part  

Simulate 

cement 

factory 

chimney 

and used 

ANSYS 

FLUINT  

superficial velocity 

from (0.8739 to 

1.377) 

particles bed 

thickness increased 

from (0 to 10) cm 

maximum Nusselt 

Number was (35.125) 

which was achieved at 

maximum particle bed 

height (10cm) at 

maximum superficial 

velocity (1.377m/s) 
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CHAPTER THREE 

Mathematical Model and numerical analysis  

 

       The current chapter deals with the project from three views: 

The first view is concerned with the main heat pipes manufacturing 

principles, heat pipes limitation with a described meaning for all limited and 

equation to calculate it. The second view is devoted with fluidize bed 

description and the main properties that benefit to calculate it and main 

equation govern their behavior. The third view is a package computer 

program to create numerical study by using (ANSYS-18- FLUENT 

Workbench) which studies the particle flow effect on heat pipes 

performance. 

 3.1  Basic design of heat pipe  

       Many thermodynamic properties aspect heat pipe was discussed by 

Vasiliev. L. L.   [6], Kobayashi. Y.  [35], Akbarzadeh. A. [36],. Tien. C. L   

[37]. 

The description of heat pipes working and mechanism of movement for 

working fluid could be found in   D. Reay and P. Kew  [2]. 

        Figure (3-1) describes the schematic draw heat pipe with a kind of 

capillary –driven, clearly the thermodynamics and fluid transfer way and 

fluid mechanics are clarified. All heat pipe calculation and equations 

concerned are listed in appendix A. 
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                   Figure (3.1): Heat pipe construction with a porous wick[38] 

 3.2 Particle motion model   

         In the fast bed regime, the circulating fluidized bed (CFB) normally 

operates, the CFB system contains strand or cluster while gas source pushes 

and separates the soiled particles. 

          The first phenomenon about heat transfer mechanism is that the 

particles move at cluster form. When that group becomes close to surface 

then heat transferred; after that this group moved away from surface and 

replaced by another particles group. 

           The second phenomenon CFB system studies told that the particle 

impact the surface immersed in it as groups but not as continuous stream of 

particles and each group travels for a short distance and then replaced with 

new one. 

The particle porosity ε could be calculated from equation(3.2) [39]  

                                                                                               …. (3.1) 

So when calculating the properties, the mixture properties must be calculated 

[40],[41]. 

The mixture density was different for density of particle and gas, or liquid 

that flows. And that couid be calculated from the flowing equation . [43] 

 
gsgH

P







1



Chapter three ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Theoretical and Numerical Method 

 

31 

ρf = (1-ε)×ρp +ε× ρg                                                                …. (3.2)  

 

3.3 Effective thermal conductivity  

        Many studies deal with the suitable amount and good correlation that 

represent the correct value of effective thermal conductivity to mixture gas 

and particles. Approximately, all that correlation depends on the gas and 

solid thermal conductivities, particle diameter, porosity (void age), and gas 

speed. 

        But most equations that represent the present case are Colakyan and 

Levenspiel (1986)correlation [65] 

Keff = Kes + Kef                                                                                    …. (3.3) 

Kes =kg*(Kp/Kg) ^ (0.28-0.757log10*ε-0.057log10 (Kp/Kg)               ….(3.4) 

Kef = 0.1*ρg*Cpg*dp*Umf                                                                     …. (3.5) 

 

3.4 Model and correlation  

        The most important things in studying heat transfer in fluidized bed 

were choosing the correct relation that are suitable the case, because there 

was a large number of studies that deal with fluidized bed and surface 

immersed in it. As a result, there are many mathematical correlations to 

calculate heat transfer coefficient, so it is difficult to make a comparison 

between them. Most of them take the time that particles spend on the surface 

in consideration. 

        There were two models to forecast heat transfer convective between 

suspension and a tube in cross-flow.[40] 

(1) The Deflecting Model: It results under the statement that solid particles 

bounced after striking the tube bottom and joining the gas-solid flow. 

Summation of heat transfer coefficient results from two components; heat 
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transfer via convection by gas and convection heat transfer via solid 

particles. The input of the flowing gas was expected to be constant. The input 

of the solid particles was expected to strike only under the tube. The lower 

part of the tube was covered by the solid particles. 

(2) The Sliding Model: it is assumed that the solid particles hitting the 

underside of the probe are forced to the slide along the probe, as shown in 

figure (3.2). present work depends on this model. 

 

                                     Figure (3.2):  Cross Flow Diagram[45] 

 

3.5 Gas-Solid Separator    

          In cyclic fluidized bed, cyclone was widely used to separate the 

particles from gas, the cyclone performs that matter by radial centrifugal 

force applied on particles, the particles driven to cyclone at the same time 

were going down to the outlet part. 

Its shap is easy to design and has low cost and maintenance, since it has no 

movable parts. 

 

Fp           up 

r 

θ 

Upper Surface 

Pipe cross section   

Upper pipe surface  

Lower pipe surface  
Particle hit the 

pipes surface  
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       Cyclone has an important part called vortex tube, this tube improved 

cyclone efficiency since it is fixed at the top exit and center of cyclone. This 

part descends flow down the cyclone while reverses in the down part of the 

cyclone into an up flow in the vortex. The vortex tube services the up flowing 

holdup around the tube and down to the opening.         

      The efficiency of cyclone decreased with degreasing cyclone size, 

similarly when decreasing the pressure drop inside it. Thus, the main test of 

the cyclone project is to control a cyclone dimension that will bounce 

satisfying separation efficiencies and at the similar period will make a 

sensible pressure drop[41]. 

Martin Fleer[42] deal with Stairmand established two regular strategies for 

gas-solid cyclones:  

       High-efficiency cyclone: This kind of cyclones has a considerable big 

body, small inlet and gasses outlet are relatively small orifices and high 

recoveries. The big rate designs take as medium recoveries, but they also 

give us low resistance to stream, so that a unit of a given size will give much 

amount of air capacity. In present work depend on this cyclone type.  

     High rate cyclones: This type has a big inlet, gases outlet, but typically 

shorter. These two types and their dimensions were listed in table (3-1) 

below, as a relative of cylindrical diameter (Da). 
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Table (3.1):  Cyclone dimensions according to stairmand theory 

 

Cyclone type 

 

The cyclone dimensions relative to ( Da ) 

H hz ht be he Dv Dx 

(a) High efficiency 4 1.5 0.5 0.2 0.5 0.5 0.375 

(b) High gas rate 4 1.5 0.875 0.375 0.75 0.75 0.375 

 

 

Figure (3.3):  Details of High-Efficiency Cyclone[42] 
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3.6 Basic  calculations 

            Sample of design calculation listed below. 

3.6.1. Rate of heat transfer  

          The amount of the heat transferred from the air- particle mixture to 

heat pipe surface (heat absorbed) is given by[48] 

Q = ṁ𝑎𝑖𝑟 × 𝐶𝑓 × (𝑇𝑏 − 𝑇𝑠)                                                              …. (3.6) 

Where Tb was bed temp. and Ts heat pipe surface temp. 

          Surface temperature is measured by calculating average values of 

thermocouples reading, that fixed on heat pipe surface which is five 

thermocouples.  

              𝑇𝑠 =
𝑇1+𝑇2+𝑇3+𝑇4+𝑇5

5
                                                               … (3.7) 

         The bed temperature measured by calculating average heat measured 

values via thermocouples fixed in bed around heat pipe which is two or three 

thermocouples. 

              𝑇𝑏 =
𝑇𝑎𝑓𝑡𝑒𝑟+𝑇𝑏𝑒𝑓𝑜𝑟 

2
                                                                  …. (3.8) 

𝑚 ̇ 𝑎𝑖𝑟 𝑒𝑣𝑎=ρ× Us × Aeva.                                                                                                           …. (3.9) 

 

3.6.2 Mixture specific heat  

          The specific heat for air-particle mixture calculated from previous 

equation[44]  

            Cf = (1 − ε)Cs + ε ∗ Cg                                                     … (3.10) 

3.6.3 Heat transfer coefficient  

           Heat transfer coefficient was calculated in the present work by 

applying Newton’s law. Amount of heat transfer coefficient depends on air 
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and particle physical properties which are calculated experimentally. The 

flowing equation was applied.[48] 

Q= ℎ𝑜𝑢𝑡 𝐴𝑠(𝑇𝑏 − 𝑇𝑠)                                                                     ….(3.11) 

ℎ𝑜𝑢𝑡 =
𝑄

𝐴𝑠 (𝑇𝑏−𝑇𝑠)
                                                                         …. (3.12) 

The outer surface area for heat pipe in evaporator part  

As=  𝜋 ×do × Lev                                                                             …. (3.13)            

 

3.6.4 Nusselt Number 

           The Nusselt number can be calculated from the heat transfer 

coefficient outside the tube  according to the  following equation:[50] 

   Nu𝑜 =
h𝑜  𝑑𝑜

Keff
                                                                                …. (3.14) 

3.6.5 Reynolds Number  

     Reynolds number could be calculate  [46] 

 The outer heat pipe diameter was (2.25 cm): 

Re = 
𝜌𝑓 ×𝑈𝑠×𝑑𝑜

𝜇
                                                                             .… (3.15) 

𝑈𝑠 =  
�̇�

𝜌×𝐴𝑒𝑣𝑎.
                                                                              .… (3.16) 

 

Numerical Method 

            The Ansys works by dividing the work domain to small cells and 

applying governing equation, Ansys fluent 18.0 was the software that used 

in present work to simulate fluidized bed behavior due to the high quality in 

animation and visualizations that coming from Ansys CFD processing. To 

model the multiphase flow, there were two approaches. 
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            Euler –Euler approach (granular flow model), in this approach the 

particle dealt with a magnified molecule. The other was Euler- Lagrange 

approach which is used when there was low volume friction to the second 

phase typically less than (10-12) %.[47] 

            In the present work fluidized bed with the two-phase flow was 

modeled using the Euler model for air and particle flow with different 

parameters that depends on variable tested parameters which depending on 

the experimental result to validate CFD results.  

 

3.7 Problem Assumptions  

           The following assumptions, was made to simulate the flow in a test 

section. Where air used as phase one, and cement fly ash as the second phase. 

1-Steady state flow for 3D model and transient for 2D model.   

2-Turbulent flow. 

3-Temperature based solver. 

4-The gravity in the Y direction (-9.81 m /s2). 

Figure (3.4) represents numerical analysis flow chart. 
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                           Figure (3.4):  Numerical Analysis flowchart 

3.8 Simulation Models 

           Eulerian-Eulerian model was the suitable model for the present work 

(fluidized bed with two-phase flow). We have a continual phase which was 

air while the other phase was a cement fly ash setting  as a granular.[53] 

Enable the energy equation and RNG option. 

3.8.1 Governing Equation  

           Choosing Euler model leads to a solved continuity, momentum, 

conservation, and energy equations for each phase whether the phase was 

granular or not; the result was different .So, CFD takes coupling manner [54] 

[55]. 
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General equation that applied in Ansys fluent 18.0 were [56]  

 

1-Continuity equation  

       The mass flow inside every control volume equals to the mass interring 

to that control volume minus that out from it, that statement could be written 

mathematically as  

𝜕𝜌

𝜕𝑡
+

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0                                                                     … (3.17)   

        In fluidized bed, continuity equation is used to calculate volume 

fraction. volume fraction is calculated for mixture from equation  

     
n

q q q q q pq qp
p 1rq

1
( . v m m )

t 


      

 
                                 … (3.18) 

2-Momentum equation  

The equation in the general form is as below: 
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                              …(3.19)         

The stress-strain tensor ( q ) is represented as: 

T

q q q qq q q q q

2
( v v ( ) I ) .v

3
                                             … (3.20) 

Where is   the viscosity and   is the bulk viscosity. 

For granular gas-solid flow. momentum conservation equation becomes: 
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        … (3.21) 

3- Energy Equation 

           In Euler multiphase the conservation of energy could be described as 

in equation (3.22) which is writer for each phase:  
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                                           … (3.22) 

4-Turbulence Model 

      Ansys Fluent 18.0 offers many approaches for the(k-ɛ) turbulence model 

in the multiphase flow:  

A-Turbulence mixture  

B-Turbulence dispersed  

C-Turbulence model for all phase separately  

Turbulence RNG model was set for fluidized bed model that can be express 

through these equations (Fluent User’s Guide). 

    t ,m

m m m k ,m m
k . v k . k G

t k

  
        

  
    …(3.23)             

    t ,m

m m m 1 k ,m 2 m
. v . (C G C )

t k
 



   
           

  
           …(3.24)      
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The density and the velocity of the mixture can be found by using previous 

equations. 

N

m i i
i 1

                                                                                           … (3.25) 

N

i i ii 1
Nm

i ii 1

v
v 



 


 




                                                                                … (3.26) 

The turbulent viscosity and kinetic energy of the mixture could found by 

using the following equations. 

2

t ,m m m

k
C 


                                                                                   … (3.27) 

  T

k ,m t ,m m m m
G v v : v                                                           … (3.28) 

The present work constant was listed at the table (3.2) 

                                Table (3.2) Model Constants 

The constant Value 

Cmu 0.0845 

C1 – Epsilon 1.42 

C2 – Epsilon 1.68 

Dispersion Prandtl number 0.75 

 

 

3.9 Geometry Model 

          Figure (3.5 a-b) represent the test section description which consists 

of three heat pipes fixed horizontally with an isolated box. In the evaporator 

part, four different heights of particle were taken (2.5,5,7.5, 10) cm., and 
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three air flow rates (0.133,0.171, 0.209) kg/s. while the air flow rate at the 

condenser part was constant for each case at (0.0285) kg/s. 

        At evaporator part, it represents the box wall which set to be with zero 

particle velocity while the bottom side set to be the hot air inlet and at the 

top side there was a hole with (10.16) cm. as an outlet and its set to be an 

absolute pressure and set as (Reflect). It is taken heat pipe surface 

temperature as boundary conditions. At condenser part, the heat pipe surface 

temperature was taken from the experimental part as a boundary condition. 

             To simplify the solution, the evaporator and condenser part are 

separated to reduce number of mesh and time to converge. More 

simplification is by taking symmetric shape for both condenser and 

evaporator parts. 

 

                                    a-without particle  
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                                              b-with particle    

          Figure (3.5):  Test section geometry with and without particle bed 

  

3.9.1 The Geometry  

           In the present work, to understand the heat temperature distribution, 

the geometry model was designed in 3D for each evaporator and condenser 

part as shown in figure (3.6). 2D is used in evaporator part to describe the 

velocity vector and particles behavior that it takes a clear vision. Design 

modeler engaged in Ansys workbench 18.0 is used to draw a rectangular 

shape in X-Z plan with 100 cm. length and width 19.5 cm. and draw line at 

64.5 cm from start X axis. All that surface was generated and extruded 

normally with height 40 cm. New axis was created at the top box to sketch 

two circles that represent air outlet for evaporator and condenser part with a 

diameter of 10.16 cm. At Y-Z plain sketch, three circles with diameter 2.22 

cm at half width and at height of (10,20,30) cm. were drawn from the base 

and chosen them as a cut material and generate it and extrude it for 100 cm. 

name selection for all parts will be the last step. 
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                              Figure (3.6):  Test section geometry by Ansys 

3.10 The mesh 

          There are more than one methods to meshing inside working area, 

choosing the typical method depends on many parameters such as geometry, 

flow field, and complexity, for the  type and size of the mesh have severe 

effect on the accuracy of solution and time to reach convergent[57]. 

          CFD has a suitable method to solve the problem in three dimensions 

since its solution depends on  solving conservation, energy, momentum and 

continuity equation [57]. 

          In case of two dimensions used a small element with a square shape 

(hexahedral) using meshing engaged with ANSYSY FLUENT18.0. 

maximum size will be (4.5702*10-3) and minimum size will be (4.570*10-5) 

through smooth relevance. Under that condition, it produced (74608) node 

and (73705) element. Figure (3.7) shows the final mesh in two dimensions. 

           In three-dimension shape used (tetrahedral) mesh with a maximum 

and minimum size of (7.7997*10-3) and (7.7997*10-5) respectively that 

produced (1464078) element and (265908) nodes. Figure (3.8) shows final 



Chapter three ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Theoretical and Numerical Method 

 

45 

mesh at three dimensions. The governing equation model was solved for 

each element at model geometry   

 

                        Figure (3.7):  Two Dimensional Model Z-Y plane   
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                            Figure (3.8): Three Dimensional Meshed Model  

3.11 Boundary Conditions 

            Pressure, velocity and the temperature were defined for two and three 

dimensional model for the fluidized bed. 

           All walls were considered as isolated and there was no heat flow 

through. Also, there was no motion closed to the wall and roughness constant 

was 0.5.[56]. 

 At air inlet from the bottom part of the box in the evaporator part the mass 

flow rate and the temperature of the air inlet to the box after heated were the 

important parameters. The air flow rate range is (0.133 to 0.209) kg/s and 
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the air velocity depends on the amount of air inlet. Set the lower part as (wall 

jet) is to prevent return particles inside the pipe. The outlet part which was 

the upper part of geometry set as (reflect) to prevent run particle out of box. 

The pressure outlet at evaporator and condenser part was specified as the 

outlet domain atmospheric pressure (Po= 0). Table (3.3) represents air flow 

rates at evaporator part for each velocity amount at evaporator line. At the 

pipe surface,( trap) option was activated since some of the particles were 

residual on the pipe surface. Table (3.4) summarizes the boundary 

conditions. At condenser part, the air flow rate (0.0285) kg/s was the 

boundary condition at inlet which is the lower part in the condenser; and at 

the exit the atmospheric pressure was (Po= 0), and the heat pipe surface 

temperature. 

                          Table (3.3) flow rate at evaporator part  

Velocity (m/s) 3.5 4.5 5.5 

Discharge(kg/s) 0.133 0.171 0.209 

Table (3.4): Boundary conditions summery 

EVAPORATOR PART  

B.C.NO. HEAT PIPE SURFACE INLET OUTLET WALL 

1 (Trap) 
v= 0.8739-1.1236-

1.377 m/s 
Reflect surface  

Roughness 
friction =   

0.5 
2 

Surface temp. from 
experimental 

m ̇=0.133-0.171-
0.209 kg/s  Pout = 0.0 

3   (wall jet ) 

CONDENSER PART  

  HEAT PIPE SURFACE INLET OUTLET WALL 

1 

Surface temp. from 
experimental 

Air flow rate 
=0.028   kg/s   Pout= 0.0 

Roughness 
friction =   

0.5 
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3.12 Under Relaxation Factor 

       To prevent divergence solution. the under-relaxation was applied as 

follows [58] 

ф𝑛𝑒𝑤 = (1 − 𝛼)ф𝑝𝑟𝑒𝑣𝑜𝑖𝑢𝑠 +  𝛼ф𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑                                     .... (3.29) 

Where; 

𝛼 ∶ is under- relaxation factor.ф_ 𝑛𝑒𝑤,𝑝𝑟𝑒𝑣𝑜𝑖𝑢𝑠,𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 : scalar dependent 

variable for new, previous, and calculated value at simple method.  

          The value for the under-relaxation factor should be in the range (0   

  1). The relaxation for the present work for momentum, pressure and 

volume friction were shown in table (3.5)  

 

                                 Table (3.5) Under relaxation factors 

Variable Relaxation factors 

Pressure 0.3 

Momentum 0.7 

Volume fraction 0.55 

Turbulent kinetic energy  0.8 

Turbulent dissipation rate 0.8 

Density, body force 

Energy ,turbulant viscosity   

1 

 

3.13 Stepes To Simulation model  

        The previous steps were taken to simulate the test section in 

computational fluid dynamics. 

1-Geometry modeled by ANSYS design modular workbench 18.0. 
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2-The mesh at ANSYS workbench 18.0 was generated, the mesh type 

depends on whether 2D or 3D model. 

3-Chosen mathematical model. 

4-Defined material of each phase.  

4-Set each phase and determine the boundary condition. 

5-Solution initialized. 

6-The calculation took place at 2D with a time step of (0.005) sec. and with 

a number of time steps of (400), and maximum iteration for each time step 

is (30), and for 3D. The present work deals with it as a steady state; and 

number of iteration was (100). The residual of solution for 2D and 3D are 

shown in figures (3.9) and (3.10) respectively. 

         The result of the temperature distribution and particle move direction 

were extracted. 

                          

Figure (3.9): The Residuals error monitor 2D  
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                           Figure (3.10): The Residuals error monitor 3D  

3.14 Demonstrating the Results 

             In order to find heat distributions in fluidizing bed model. And to 

compare the result of Nusselt number, exerted from numerical with the 

experimental value.  In numerical study, measuring the temperature at the 

same position depends on an experimental part; and studying the effect of 

fluidization on heat transfer performance to heat pipe. For more 

comprehension to particle motion, 2D model shows how the second phase 

behaves under mixture flow.  
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CHAPTER FOUR 

Experimental method  

         In this chapter suitable heat pipe component was chosen in order to get 

the maximum amount of power transfer through it. 

        The experimental rig was designed, to get the effect of fluidization on 

heat transfer coefficient value. And also fluidization effect on heat pipe 

transmission power value. The study deals also with pressure drop during 

fluidized bed and its relation with porosity, and to describe the practical part. 

it can be classified into: 

1- Fabricated the test rig body and the main components.   

2- Heat pipe manufacturer.  

3- Heat pipe tested. 

4- Choosing particles and their properties.  

5- Measuring devices that used and calibration.  

6- Experiment procedure. 

4.1 Fabricated rig body and the main component 

           The operational part was carried out in heat transfer laboratory, in the 

college of engineering, University of Kufa. Plate (4-1) and figure (4-1) 

represent a photo and schematic diagram for the experimental test rig, 

respectively. 

          The rig consists of a wooden box with three heat pipes that were put 

inside horizontally. Wooden plate divided that box to create heat pipes 

evaporator and condenser parts; air passes through each part, in evaporator 
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part heater was used to heat air before entering the box and putting particle 

to enhance heat transfer to heat pipe with different velocities, approximately 

all parts were manufactured manually and tested before start running.                             

 

                           Plate (4.1): The experimental apparatus     
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                            Figure (4.1):  Schematic of the Experimental apparatus  
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4.1.1 Main box Body  

         The body of the rig was fabricated from plywood with thickness 1 cm. 

since the most important item in heat transfer calculation was heat loss. In 

that work, there was an attempt to reach to the hypothesis that the wall was 

isolated as much as possible. 

         The main body was divided into two parts evaporator and condenser, 

from previous studies that the evaporator part has a severe effect on amount 

of power that absorbs from heat pipe [59]. Therefore, evaporator part is made 

longer than condenser part, evaporator part is (64.5 cm) and condenser part 

is (34.5cm) and there is adiabatic section separated the two parts with (1 cm) 

thickness. The width of wooden box was (20 cm) and with height of (40 cm); 

the forward face of the box was made by slab of glass to easily observe 

particles behavior and also to watch the thermocouple sensor stability. 

         Each one of the used three heat pipes was fixed horizontally between 

evaporator and condenser part passing through a circular hole in adiabatic 

section and the distance between each one is (10cm) as shown in Plate (4.2). 

        The air is coming from the air supply, and to have uniform distributed 

inside evaporator and condenser parts there were two inverse conical shape 

that were fixed in lower condenser and evaporator parts to ensure a good air 

distributed when enter in to the box. 
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                                  Plate (4.2):  Main body box 

4.1.2 Distributed Plate   

          To have a good air distributed inside each part of box and also to create 

a base to carry particles, aluminium plate was used with (1mm) thickness 

fixed at the bottom of the box; and making holes in it with diameter (6mm) 

and fixed the aluminium rod under it to reinforce the base. That procedure 

repeated at each part separately, the plate properties at evaporator part fixed 

at table (4.1), Plate (4.3) shows distributed plate.  

                                Table (4.1): Distributed plate properties  

Hole 

diameter 

Hole 

number 

Open area 

mm2 

Dead area 

mm2 

Open area 

ratio 

Type 

6 mm 435 12299 116701 8.92 % Hole type 
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                            Plate (4.3):  Air distributed plate 

4.1.3 Heating Source  

          To heat the air that enters the main box; to the desire temperature 

Electrical heater with consumable current (16.3 AMP) under (220 V) voltage 

and (3586) Watt was used, Plate (4.4) shows the electrical heater 

 

                                  Plate (4.4):  Electrical heater 

4.1.4 Connected lines  

          From air source to the box used two diameters connected pipes. One of 

them is with (20 cm) diameter that transfers the air to the evaporator part, 

and the other was (10cm) diameter to transfer the air to the condenser part. 

Each one from that lines have butterfly valve to control the air amount and 
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also each one has a small hole near the box to insert the hot wire sensor to 

measure the air velocity, as shown in Plate (4.5). 

 

                                    Plate (4.5):  Connected line 

4.1.5 Air supply source 

          To measure the effect of fluidized bed on heat transfer to the heat pipe, 

the air supply amount should be a constant flow rate during the process. It is 

also looking for air supply accouter enough air to move the particle to the 

box roof. That’s why it cannot use air compressor but it can choose air 

blower. Blower with GUNT HL710 type, 1.0KW was choosing, Plate (4.6) 

represents air blower.                             

 

Plate (4.6):  Air Blower. 
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4.1.6 Particle Separator Device (Cyclone) 

           The most important part in cyclic fluidized bed was cyclone. That 

device is in charge of returning particles to the main box. So, in the present 

work, the dimensions that listed in table (3.1) were adopted, where the pipe 

rising to cyclone 4" and return particle pipe was 2", as shown in Plate (4.7).  

 

 

                                               Plate (4.7):  Cyclone 

4.2 Heat pipe design and manufacture 

4.2.1 Heat pipe structure 

             The main purpose of heat pipe container was to provide a seal space 

for working fluid and to prevent leakage and also to prevent out pressure that 

comes inside heat pipe due to the heat pipe initially evacuated before 

charging with working fluid; Figure (4.2) showed the main parts of a 

standard heat pipe. Choosing the correct heat pipe material was very 

important to get as large as possible from heat transfer. So many items should 

be taken in account such as, the ratio of strength to weight, thermal 
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conductivity, machinability. In the present work, copper pipe was chosen 

where the container consists of: - 

A- shell: it is made of copper with length (100cm) and out diameter          

(2.22cm) and inside diameter was (1.98cm) as shown in figure (4.8) 

 

 

                        Figure (4.2):  Heat pipe and charging parts 

 

                                     Plate (4.8):  Copper pipe 
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B-Flanges: There are two flanges welded to the ends of each pipe, by brass 

welding which is suitable to weld brass with copper. Each one of that flange 

has the central hole equal to the outer pipe diameter. Also has four holes with 

(10mm) diameter. To connect the flange with a plate that covers it at two 

ends O ring was put between them to prevent leakage as shown in figure 

(4.9). At one end, small hole was made with (6mm) diameter to weld the 

pressure gauge , vacuum and charging valve as shown in Plate (4.10). 

 

                               Plate (4.9):  Flange and plate 

 

              Plate (4.10):  The heat pipe flange and plate and charging unit  
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4.2.2 The wick  

        The wick was a very significant part in heat pipe construction. It lies 

inside pipe touching to its inner diameter. The wick was in charge of 

returning working fluid from condenser to evaporator by capillary force. If 

the wick holes are so tiny, it means high capillary force that leading to 

increase pumping force; that also increasing flow resistance during the wick. 

        The heat transferred to heat pipe from the pipe surface to wick until 

reaching to working fluid radially. So, porosity has severe effect on the 

amount of heat transfer since it affects temperature drop. 

       Thermal conductivity and porosity of wick were related to each other; 

low porosity leads to high thermal conductivity. 

        Insuring of wick saturated with working fluid and low fabricating cost 

were very important points in the choice of wick. 

          In the present work, a leaf of wire screen mesh with (100) cm length 

and (31.1) cm width was turned around 0.5 inch a copper tube with (150) cm 

length to make wick assembly as five layers of screen mesh. The copper pipe 

with the mesh coatings is inserted into the container and removed to line the 

inside wall of the container, while the copper tube removed sensibly to 

ensure that there is not any wick perms for that perm has counter productivity 

on heat pipe performance. The wick has (7086) hole/ meter and with wick 

thickness (0.11) mm.    

The wick fitting inside heat pipe is shown in Plate (4.11). 
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                        Plate (4.10): Wick inside the heat pipe 

4.2.3 Working Fluid  

         The main important part of heat pipe design was the working fluid due 

to its responsibility on heat transfer from evaporator to condenser part. So, 

there were many properties that should be found in the working fluid such 

as: high latent heat to transfer large amount of heat under low pressure, high 

surface tension to work against gravity if needed and to saturate wick 

structure, also its stability under high rang of operation temperature, and low 

cost. That’s why in present work, distilled water was used as a working fluid 

[60] 

         The working fluid calculation are listed in appendix A, table (4.4) listed 

all heat pipe specification  
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                             Table (4.2):  Heat pipe specification 

 

4.2.4 Cleaning  heat pipe before charging  

         If there were impurities inside the heat pipes during the manufacturing 

process, they must be removed before charging with working fluid. The 

procedures below were done for cleaning [61]. 

A-Cleaning the container after welding flanges on the two sides by using 

(trichloro ethane) which is a solid material that was removed by clothes. 

B- Washing the container with cold water. 

C- The container was immersed in chloric acid (HCL) for three minutes at 

room temperature. 

D- Washing the container   by distilled water to remove the acid. 

E- Drying the pipe by using nitrogen to prevent oxidize creation. 
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        Then, turning the wick inside heat pipe container is started and fixed 

the flange in two ends after putting the “O” ring between flanges to prevent 

leakage. 

4.2.5 Heat pipe Evacuated and Charging With Working Fluid  

 Figure (4.3) shows the fulling system of buret with calculated amount 

of working fluid. Fulling procedure are listed below: 

 1- Closing Valve A and opening each C & B valves. 

 2- Running the evacuated pump for half an hour and immersed the heat pipe 

in boiling water at that procedure all the air exited from the heat pipe 

resulting the pressure inside heat pipe reaching to (-30 psi).  

3- Closing the valve B and opening gradually the valve A and putting the 

heat pipe in ice water, hence the working fluid enter the heat pipe and closing 

valve A when working fluid finished inside buret and valve C also closed. 

 The valve C will remain in heat pipe, in the same way, each one of the three 

heat pipes was charged. 

 

                                Figure (4.3):  Charging system 
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4.2.6 Heat pipe limitation  

           Heat pipes experience showed that heat transfer limitations depend on 

the working fluid, the wick structure, heat pipe dimensions, and the heat pipe 

operational temperature. These limitations included vapor-pressure, sonic, 

entrainment, capillary, and boiling limits[62]. There is a compound curve 

that gives the maximum heat transfer rate of the heat pipe as a function of 

the operational temperature. The concept of these limitations and equations 

that represent them by showing their results were all mentioned in appendix 

A, results of the above mentioned limitations were calculated are listed in 

table (4.3). 

                            Table (4.3):  Present work heat pipe limitation 

Capillary limit 

(W) 

Viscous 

limit(W) 

Sonic limit 

(W) 

Entrainment 

limit(W) 

3.1813 *104 23.08 * 105 15.637 * 103 17.013 * 103 

 

4.3 Heat Pipe Tests   

         There were many simple tests that might be done on heat pipe After 

manufacturing, cleaning and charging. [63] 

1-Shaking the heat pipe hard, in case that there were any water impinging 

inside the heat pipe which means the wick was not saturated with working 

fluid whether heat pipe was a good design. 

2- Heat pipe exposed to a high amount of heat that may encounter during the 

experiment and observing its behavior. 

3- Putting one end of heat pipe at hot water and checking the response speed 

to reach the heat to another end by touching it.  Figure (4.4) represents the 
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flow chart of manufacturing and testing steps of the heat pipe to be ready to 

use in experimental work. 

 

          Figure (4.4):  Flow chart for heat pipe manufacture and testing 
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4.4 Choosing Particle And Its Properties 

        The cement fly ash of Al-Kufa cement factory was chosen to simulate 

its chimney and try to find the amount of energy recovery that could be 

achieved when used heat pipe. Variable charge from ash will be used by 

supplying the ash in different heights in evaporator part (2.5, 5, 7.5and 10) 

cm. to simulate different amounts of fly ash in cement chimney. 

 

4.4.1 Particle density  

           Through employing known dimensions’ cylinder with the help of an 

accurate electronic scale, it was found that the density was equal to (1117 kg 

/ m3) as shown in Plate (4.11). 

 

                  Plate (4.11): Cylinder shape and sensitive scales 

4.4.2 Thermal conductivity 

           To measure the thermal conductivity of cement fly ash and according 

to the thermal conductivity device shown in Plate (4.11) a rigid model must 

be created from cement fly ash. So, fly ash and water were mixed together 

and put inside rectangular mould and press it and leave for four days to dry. 
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Then, the rectangular mould was cut by using a special tool into two 

cylindrical shapes with diameter (2.5 cm), the first and the second shapes 

have lengths (4.45 cm) and (5.73 cm) respectively. Each one of those shapes 

was deeply holed at both ends with (3 mm) diameter reaching the center of 

the shape, as shown in Plate (4.11). 

Thermal conductivity for cement fly ash was measured (1.25 KW/m.c)  

 

                Plate (4.11): Thermal conductivity device and simples 

4.4.3 Particle Diameter  

        As shown in plate (4.12) sieving method was used to determine the 

particle diameter.  Five sieves with holes (0.417, 0.289, 0.147, 0.074, and 

0.053) mm were used, and by measuring the amount of remained particles 

over each sieve and the sphericity amount for each sieve hole and by using 

equation dp = 1 / ∑(xi / (dpi * Фi     )                                                               …(4.1) 
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 the particle diameter is calculated as shown in table (4.4) which is equal to 

(105 μm) [51]. 

Then, the overall calculated particles properties were listed in the table (4.5). 

Table (4.4):  Sieve diameter and sphericity to calculate particle diameter 

dpi(mm) Weight (grm) xi xi % sphericity 

0.417 4 0.004 0.4 0.9616 

0.289 28 0.028 2.8 0.9718 

0.147 588 0.588 58.8 0.9853 

0.074 343.5 0.343 34.3 0.9924 

0.053 30.5 0.0305 3.05 1 

less 6 0.006 0.6  

 dp = 1 / ∑(xi / (dpi * Фi     )) 

𝒅𝒑 =  
𝟏

(
𝟎.𝟎𝟎𝟒

𝟒𝟏𝟕∗𝟎.𝟗𝟔𝟏𝟔
+

𝟎.𝟎𝟐𝟖

𝟐𝟖𝟗∗𝟎.𝟗𝟕𝟏𝟖
+

𝟎.𝟓𝟖𝟖

𝟏𝟒𝟕∗𝟎.𝟗𝟖𝟓𝟑
+

𝟎.𝟑𝟒𝟑

𝟕𝟒∗𝟎.𝟗𝟗𝟐𝟒
+

𝟎.𝟎𝟑𝟎𝟓

𝟓𝟑∗𝟏
)
 = 105 µm 

 

 

 

                Plate (4.12): Set of the sieve and digital balance 
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                        Table (4.5): Cement fly ash particles properties 

ρ kg/m3 Cp J/kg k K W/ m .k dp µm 

1117 860 1.25 105 

 

4.5Instrument devices And Calibration 

4.5.1 Air Flow Measurement 

          To measure the amount of air that flow through evaporator part and 

condenser part, hot wire anemometer (TES 1340) was used to measured 

velocity. Plate (4.13) shows the hot wire that used in the experiment and its 

certificate. Hot wire properties listed at appendix B.  

             

Plate (4.13):  Hot wire thermos- anemometer sensor model (TES 1340) 

4.5.2 Pressure drop measurement    

        To measure the pressure drop during the evaporator part, water 

manometer was used and pressure drop was measured for each velocity 

under each particle height as shown in Plate (4.14).   
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                                     Plate (4.14): Water manometer 

4.5.3 Temperature  recorder  

         To measure the temperatures in the test section. Temperature recorder 

of type BTM with 12 channels was used, and stored the data on SD RAM. 

Many kinds of thermocouples could be connected with it just to choose the 

thermocouple type. In data recorder before start reading. It will be set at 2 

minutes, as a time steps to record the data and with an overall time of 30 

minutes for each run. Data recorder and its certificate were shown in Plate 

(4.15). 

 

                                        Plate (4.15):  Data recorder  
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4.5.4 Thermocouples  

            Twenty-eight thermocouples type K were used in the present work, 

five of them were on the surface of each one of the three heat pipes at 

evaporator part; and one at the condenser part surface, one is before the 

heater and another one is after it in evaporator part, two are above of the 

distributed plate and one is after each pipe in evaporator part and three are 

after each pipe in condensers part, see Figure (4.1). Each one of 

thermocouples was calibrated as shown in appendix (B). Plate (4.16) 

represents K type thermocouple. 

 

                                   Plate (4.16):  K type thermocouple  

4.6 The error analysis  

        The percentage error was calculated for all used thermocouples in the  

present work as listed in appendix (C )  [64]                           

4.7 Experimental procedure 

1- Firstly, the test starts with no particle on the evaporator part. Run the 

blower, the hot wire was used to measure the air velocity in evaporator as 

3.5m/s and at condenser parts as 3m/s. 
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2- Run the electrical heater (3586) Watt to heat the air inlet to the box, at the 

same time run the data recorder to start recording the temperatures to 

memory card for (28) thermocouples, that is after setting the data recorder to 

record data each 2 minutes and take the final data within 30 minutes. 

3- Record the water manometer reading for this speed. 

4- Turn off the heater and leave the blower running for some time to cool the 

heat pipe until reaching to starting temperature. 

5- Increase the evaporator air velocity to (4.5) m/s and leave the condenser 

velocity at (3) m/s and that happened by butterfly air control valve. 

6- Run the electrical heater and record the thermocouples readings for half 

an hour by 2 minutes time step. 

7- Record the water manometer reading for this speed. 

8-Repeat steps 4, 5, 6,7 with another velocity at evaporator part (5.5) m/s 

and record the new temperatures and manometer readings. 

9- Add cement fly ash particles to the evaporator part in the box by removing 

the upper box cover, starting with (2.5) cm height. 

10- Repeat the steps from one to eight to take the set of reading at 2.5 cm 

particles height and recording three reading sets, one for each velocity (3.5, 

4.5, 5.5) m/s 

11- Repeat the step 9 with cement fly ash thickness 5 , 7.5 and 10cm.and for 

each thickness take three sets of  reading, one set for each velocity. 
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4.7.1 Calculation procedure   

 

 

              Figure (4.5): Sample of Thermocouples experimental reading  

In present calculation, we take in the consideration took place in the heat 

pipe NO.1 at superficial velocity 0.8739 m/s in evaporator and particle bed 

height 5cm. where X axis represents the thermocouple number and Y axis 

represents the time step increased which is 2 minutes. 
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1-heat pipe surface area  

                 in evaporator part 

Ahps = Ahpev = 2πroL = 2π × 0.011 × 0.645 = 0.045 (m2). 

 

                 In condenser part 

Ahps = Ahpco = 2πroL = 2π × 0.011 × 0.345 = 0.024 (m2). 

2-Air flow rate  

              In evaporator part  

Aev =
π d2

4
=

π × (0.2)2

4
= 0.031 (m2). 

       m ̇ air eva = ρVA = 1.21 × 3.5 × 0.031 = 0.133 (Kg/sec).  

 

              In condenser part  

𝐴𝑐𝑜𝑛 =
𝜋 𝑑2

4
=

𝜋 × (0.1)2

4
= 7.85398 × 10−3 (𝑚2). 

 

          𝑚 ̇ 𝑎𝑖𝑟 𝑐𝑜𝑛 = 𝜌VA = 1.21 × 3 × 7.85398 × 10−3 =

                                        0.028(𝐾𝑔/𝑠𝑒𝑐).  

3- Particle porosity ε 

        ε =1- 
𝜌𝑤∗𝑔∗ℎ

𝑔 𝐻(𝜌𝑠−𝜌𝑔)
 = 1- 

1000∗9.81∗0.048

9.81∗0.4(1117−1.21)
 =0.892 

4- Equivalent density of (gas- particle) mixture 

 ρf = (1 − ε)ρs + ε ∗ ρg = (1-0.892)1117+0.892*1.21= 121( 𝐾𝑔/m3). 

5- Specific Heat of (gas- particle) mixture 

          Cf = (1 − ε)Cs + ε ∗ Cg 

                = (1-0.89) × 860 +0.89× 1011 = 994.76 (J/Kg .k) 
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6- Superficial velocity Us 

            𝑚 ̇ 𝑎𝑖𝑟 𝑒𝑣𝑎=ρ× Us × Ac box  

             0.133 = 1.21 × (0.645 × 0.2) × Us 

             Us = 0.873 m/s 

 

7- Effective Thermal Conductivity               

            Kes =Kg×(
𝐾𝑝

𝐾𝑔
)

0.28−0.757𝑙𝑜𝑔10∗𝜀−0.057𝑙𝑜𝑔10(
𝐾𝑝

𝐾𝑔
)
 

            Kef =0.1×ρg×Cg×dp×Us  

             K eff = K es +Kef  =3.52+0.11=3.63(W/m.k). 

 

8- heat gain  

            𝑇𝑀𝑒𝑎𝑛 =
𝑇2+𝑇3

2
=  

61.5142+58.8341

2
= 60.17 (OC) 

           Qgain = 𝑚 ̇ 𝑎𝑖𝑟 𝑒𝑣𝑎 × 𝐶𝑓 × (Tmean –T9) 

                    =0.133× 994.76 × (60.17 − 55.4)= 620.6(𝑊𝑎𝑡𝑡). 

 

9- Heat Transfer Coefficient 

      𝑇𝑠𝑢𝑟𝑓 =
𝑇4+𝑇5+𝑇6+𝑇7+𝑇26

5
  

                = 
50.8+50.9+56.1+54.7+60.8

5
 = 54.6 (OC) 

       𝑇𝑏𝑒𝑑 =
𝑇2 + 𝑇3 + 𝑇9

3
 

             = 
𝟔𝟏.𝟓𝟏+𝟓𝟖.𝟖𝟑+𝟓𝟓.𝟒𝟖

𝟑
 = 58.6(OC) 

     𝑄𝑔𝑎𝑖𝑛= ℎ𝐴𝑠(𝑇𝑏𝑒𝑑 − 𝑇𝑠𝑢𝑟𝑓)                                             

 

         ℎ =
𝑄𝑔𝑎𝑖𝑛

𝐴𝑠 (𝑇𝑏𝑒𝑑−𝑇𝑠𝑢𝑟𝑓)
  = 

620.6

0.045(58.61−54.66)
 = 3496.5 ( 

𝑊

𝑚2.𝐾
 ) 
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 10- Nusselt Number 

Nu =
h  𝑑𝑜

  K eff
=  

3496.5 ×  0.022

3.63
   

Nu = 21.4  

 

11-Reynolds Number  

Re = 
𝜌𝑓 𝑈𝑠 𝑑𝑜

𝜇
 = 

121 × 0.87×0.022 

19.8∗10−6
 = 118692 

 
12- heat transfer to condenser part 

∆T = (T10 - T25) = 24.9391 – 18.3 = 6.6 (0C)  

Qgain = 𝑚 ̇ 𝑎𝑖𝑟 𝑐𝑜𝑛 × 𝐶𝑔 × ∆T  

         = 0.0285 × 1011 × 6.6 = 119.295(𝑊𝑎𝑡𝑡). 
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CHAPTER FIVE  

RESULTS AND DISCUSSION  

 

          In the current chapter, the experimental and numerical results were 

listed and discussed. The results include test fluidized bed behavior inside 

the wooden box under different circumstances and studies that changes upon 

heat pipe performance. The particle bed thickness inside evaporator part has 

a range (2.5-10) cm. And with air superficial velocity (0.879-1.377) m/s. All 

tests were performed under Reynold Number (Re= 

2400,99279,118898,143421,192468,3085,137106,162330,200167,253768,

3781,175283,206113,260766 and 318728); In this chapter, the effect on 

physical properties of mixture on Nusselt number, and relation between 

Nusselt and Reynold Numbers were shown. 

         The 2D and 3D numerical model of heat pipe test rig was carried out 

to study the fluidizition behavior with different inlet air mass flow rate and 

under empirical conditions to get a set of results from numerical models. 

        The experimental data was comprehending with the numerical result 

that obtained from [(ANSYS- FLUENT- bundle (18.0)].  

 

5.1 Experimental Conditions  

         In experimental tests the amount of heat transferred to the heat pipe 

with applying only hot air and then by using cement fly ash with air are done 

with the next conditions. 

1- Air mass flow rate in evaporator part (0.133,0.171,0.209) kg /s. 

2- Cement fly ash layer thickness (0, 2.5, 5, 7.5 ,10) cm.  

3- The result was conducted under Reynolds numbers range (2400- 

318728). 
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5.2 Experimental Results  

5.2.1 Evaporator temperature distribution  

           At start of experimental part, it was done by test up to reaching to a 

steady state with the time for all heat pipes, Figure (5.1) represents increasing 

heat pipes surface temperature with time at superficial velocity 0.8739m/s 

and bed thickness 2.5 cm, which is shown reaching to steady state after 30 

minutes.   

  

Figure (5.1): Steady state test at v=0.8739m/s and bed 2.5cm 

 

5.2.2 The Influence of heat pipes locations  

           Figure (5.2) shows the amount of heat gained for each heat pipe for a 

different range of air flow superficial velocity (0.8739, 1.1236and 1.377) m/s 

and also different particle layer thickness (2.5, 5, 7.5, 10) cm. It can   show 

that the heat pipe number (1) has maximum amount of heat gained due to its 

location which is closed to heat source, also a big amount of particles impacts 

it. Maximum amount of heat gain in evaporator part was achieved at high 

superficial velocity 1.337 m/s and at high particle bed 10 cm for such   

conditions more turbulent take place and more particle hit the heat pipes for 

unit time. 
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           Maximum heat gain will be occurred in heat pipe number (1) with 

(57) % if compared with heat pipe number (3), that achieved at superficial 

velocity 1.377 m/s and (5) cm of bed thickness.  

 

 

Figure (5.2): Heat gain in evaporator part for superficial velocity1.1236 m/s 

 

5.2.3 Influence of particle bed thickness 

         Influence of particle layer thickness on heat pipe performance was 

shown in figures (5.3 a-c) with different values of air superficial velocity 

(0.8739,1.1236 and 1.377). When particle height increase, the elevation of 

particles rises and the spaces among the solid particles decrease since the 

volume that contains the particle was constant, 

        So when air superficial velocity increased, the air pushed the particles 

into high elevation that takes a good air- particle mixture (complete 

fluidization). The maximum effect of particle bed height appears at heat pipe 

number (1) and at superficial velocity 1.377. m/s, the increase in heat gained 

by 85% from initial value without particle.  that because at high air velocity 

and high particle height most of them reach to first heat pipe and airlift force 
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is enough to transfer particle to higher pipes. For most the heat transfers to 

particle of lower heat pipe. In general, with increasing particle height heat 

pipe gained increased for all pipes as shown in figure (5.3 a-c)  

 

a- Air superficial velocity 0.8739 m/s 

 

b- Air superficial velocity 1.1236 m/s 

Figure (5.3 a-c): Particle bed thickness effect on heat gained in evaporator                                                                                                                

part for all heat pipes at different air velocities 

 



Chapter Five ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Results and Discussions 

 

82 

 

c- Air superficial velocity 1.377 m/s 

Figure (5.3) continued  

5.2.4 porosity variation  

            Figure (5.4) represents porosity at different air superficial velocities 

and particle bed height and clearly can be shown that porosity increased 

when decreasing particle bed high and that because of decreased amount of 

practical in region. It’s also noted that at increasing velocity, the porosity 

decreased because at high velocity, there was more amount of pressure drop, 

when the particle bed increased from (2.5 to 10) cm the porosity decreased 

by approximately (9%) for all superficial velocities; for increasing 

superficial velocity from (0.8739 to 1.377) m/s the porosity decreased by 

2%. 
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Figure (5.4): The effect of particle bed thickness on the porosity for 

different velocities 

 

5.2.5 Influence of Air velocity 

         Figure (5.5 a- e) shows the air velocity effect on heat gained of the heat 

pipes at different particle bed thickness and obviously. It shows that 

increasing air superficial velocity raises the elevation of the solid particle 

inside wooden box. Also, spaces between particle increased the matter that 

led to perfect air-particle mixture guiding to more heat gained.    

          Increasing the air superficial velocity from (0.8739 to 1.377) m/s 

increased heat gained at evaporator part for maximum and minimum value 

(21 and 8) % at heat pipe (1) and (3) respectively.   
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a-particles layer thickness (0) cm 

 

b-particles layer thickness (2.5) cm 

 

c-particles layer thickness (5) cm 

     Figure (5.5): Variation of evaporator heat gain with air superficial 

velocity for different particle bed thickness  
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d-particles layer thickness (5) cm  

 

 e-particles layer thickness (10) cm 

     Figure (5.5) continued  

5.2.6 pressure drop 

          Figure (5.6) represents the pressure drop variation at the evaporator 

section for different particle beds and air velocities. Clearly it can be noted 

that pressure drop increased with increasing particle bed thickness due to 

increasing flow resistance. Increasing particle bed thickness from (0 to 10) 

cm increased the pressure drop by 65%, while with changing air superficial 

velocity from (0.8739 to 1.377) pressure drop does not exceed (13%). 



Chapter Five ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Results and Discussions 

 

86 

 

     Figure (5.6):  Influence of pressure drop with particle bed thickness at 

different air velocity 

 

 

5.2.7 influence of particle bed on heat transfer coefficient 

          Figure (5.7 a-c) represents bed thickness effect on heat transfer 

coefficient at different air velocities for all heat pipes. It can be obviously 

shown that increasing particle bed height increased heat transfer coefficient 

for all velocities and that occurs because of increasing of the specific heat 

for mixture with increasing particle bed height. 

      The heat transfer coefficient at particle bed height (10) cm increased by 

(90%) than no particle bed found at the same superficial velocity.  
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a-Air superficial velocity 0.8739 m/s 

 

b-Air superficial velocity 1.1236 m/s 

 

c-Air superficial velocity 1.377 m/s 

Figure (5.7): Influence of particle bed thickness on heat transfer coefficient 

At different air velocity 
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5.2.8 Nusselt Number. variation with Reynolds Numbers 

         The variation of Nusselt number with Reynolds number at different 

particle bed heights and superficial velocities were shown in figure (5.8 a-

c). Clearly, it can be noted that increasing Reynolds number leads to 

increasing Nusselt number for all bed height and superficial velocities. The 

maximum Nusselt number (35.125) has been achieved at maximum particle 

bed height (10cm) and maximum superficial velocity (1.377m/s). The 

maximum enhancement in Nusselt number was (75.7%) due to increasing 

heat transfer coefficient with increasing particle bed thickness. 

 

a-Superficial velocity 0.8739 m/s 

 

b-Superficial velocity 1.1236 m/s 

Figure (5.8):  Relationship between Nusselt and Reynolds numbers for all         

heat pipes at different bed thickness and superficial velocities 
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c-Superficial velocity 1.377 m/s 

Figure (5.8) continued  

5.3 Numerical conditions 

             In numerical procedure after modelling and meshing the rig, it was 

taken in consideration boundary conditions such as air flow rate, heat pipe 

surface temperature, and exit pressure; the flowing results were obtained 

5.3.1 Program Validation 

 To verify the numerical code, the calculated two-dimension profile of  

the temperture  is compared with the numerical results of the previous study 

made by Ravindra Kumar [15] about the fluidized bed (air and soiled) 

through divergent furnace, rectangular vertical channel. The parameters 

were. The particle size has taken 5 mm and fluidizing velocity (4-6) m/s, for 

a 2D CFB furnace, estimate the primary air is flowing at 503 k and 4m/s 

which is flowing through the nozzles. The secondary air is injected at the 

level of 2.3 m from the level of the bottom at 473 k and 2m/s and the fuel 

feed rate 0.5 kg/s is injected at the level of 1.5m from the level of the bottom 

furnace high was 15 m. used K-epsilon method and discrete phase model to 

simulate two phase flow. A acceptable agreement was detected between the 

numerical results of temperature study and the numerical results of Ravindra 
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Kumar [15] with an average maximum percentage error of (7.8) %. These 

results have validated the accuracy of the numerical code, as shown in figure 

(5.9) 

 

Maximum temperature with fluidizing velocity at kumar work 

 

Maximum temperature with fluidizing velocity at present work 

Figure 5.9: The validation of the numerical code with the numerical results 

of Kumar [15 

5.3.2 The Influence of heat pipe location  

             Figure (5.10 a-e) represents the heat temperature contours at 

evaporator part for constant air superficial velocity (0.8739 m/s) at different 

particle bed thickness for heat pipes evaporator part. It could be noted for all 

cases that the first pipe has the biggest amount of heat gained due to its 

closeness to heat source: The temperature was not the same alongside with 

heat pipe evaporator part. That happened because of working fluid acting 

inside. On the left side, the working fluid was still in liquid cool case which 
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absorbed much amount of temperature from the surrounding area. As a 

result, this leaves the surrounding domain on the left side cooler than the 

right one. This in comparison with the right side is the reverse. In other 

words, the heat pips on the right side become hot since the working fluid 

itself become hot enough that they can do without absorbing the heat from 

the external space.    

        Figure (5.11) shows amount of evaporator heat gained for three heat 

pipes obviously. It could be shown that heat pipe number (1) has the 

maximum amount of heat gained   

 

 

 

              

 

Figure (5.10 a-e): pipe location effect on heat gain at the same velocity  

V= 0.8739 
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Figure (5.10) continued 
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Figure (5.11): Pipe location effect on heat gain at a superficial velocity 

1.377m/s   

 

5.3.3 Influence of particle bed thickness 

              Figure (5.10 a-e) represents contours for different particle 

thicknesses inside evaporator part, that were particle amounts affected hardly 

on heat gained in heat pipes. 

              Figure (5.12 a-c) shows heat gained at different air superficial 

velocity and particle bed thickness, for all cases it can be shown that with 

increasing particle bed more power absorbed in heat pipe evaporator part. 

Heat pipe number (1) has 82% enhancement in heat gained if compared with 

no particles and that achieved at particle height 10cm. but the other two heat 

pipes enhancement is 80% for each one. 
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                               a-Superficial velocity= 0.8739m/s 

 

                                   b- Superficial velocity= 1.1236m/s 

 

                               c-Superficial velocity= 1.377m/s 

Figure (5.12): Variation of evaporator heat gained for the three heat pipes 

at different particle bed thickness for all superficial velocity cases 
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5.3.4 pressure drop 

           The numerical pressure drop values are charted at figure (5.13) and it 

can be noted that both effect of particle bed thickness and air superficial 

velocity have a direct proportion with pressure drop. 

         The maximum pressure drop increased because of particle bed effect 

was 66% occurs at a superficial velocity 1.377 m/s and bed thickness 10 cm. 

where bed thickness and superficial velocity increased the resistance which 

in turn, increases the pressure drop. 

 

 

Figure (5.13):  Pressure drop variation with particle bed thickness 

for different air velocities  

 

5.3.5 porosity  

         Figure (5.14 a-c) represents particle velocity contours for superficial 

velocity (0.8739 to 1.377) m/s and for (2.5) cm. particle bed thickness. 

Explicitly, porosity decreased with increasing particle bed height for the 

same velocity for more particles bed height means less clearance between 

them at constant volume, while increasing velocity leads to more porosity 

value since it increased the distance between particles. 
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         Figure (5.15) shows charting porosity values for all studied cases and 

the effects that were confirmed what ANSYS contour display. 

 

a- v= 0.8739 m/s                                    b- v= 1.1236 m/s 

 

c- v= 1.377 m/s 

Figure (5.14 a-c): Represent particle distributed in (Y-Z) plane at bed 5cm 

and different superficial velocities 
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Figure (5.15): Porosity value for different particle bed height and different 

superficial velocities 

5.3.6 Influence of Air velocity 

            Figure (5.16 a-b) represents air velocity contours. It seems that the 

figure shows that at low velocity less number of particles impact the pipe 

surface whereas at high velocity the particles impact the heat pipe surface 

for a unit time increased, that leads to increasing the heat gained with 

increasing velocity. 

         Also it could be noted that with increasing velocity, the path of the 

mixture will be banned to the heat pipe and be far away from test box wall, 

that decreased losses that may happen at wall and more mixture take the 

straight line passing over heat pipe surface. 

             Figure (5.17 a-e) represents the heat gained at superficial velocity 

(0.8739 to 1.377) m/s and for particle bed thickness (0 and 10) cm and it 

shows approximately converged values that appear in experimental results. 

More velocity leads to more heat gained at specific bed thickness.           
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Figure (5.16 a-b):  Represents air velocity contours for superficial velocity 

effect on heat pipe heat gain  
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a- No particle bed  

 

b-Air with particle bed thickness 2.5cm  

 

c-Air with particle bed thickness 5cm  

Figure (5.17 a-e): The relationship between evaporator heat gained with  

superficial velocity for three heat pipes  
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d-Air with particle bed thickness 7.5cm  

 

 

e-Air with particle bed thickness 2.5cm  

Figure (5.17) continued 

5.3.7 heat pipe surface temperature 

             Figure (5.18) represents velocity vector contours for test rig 

evaporator part at a superficial velocity 0.8739 m/s and particle bed thickness 

2.5cm. From the below figure it could be noted that number of air streamline 

impact the lower surface directly and slipping to the heat pipe side that makes 

the lower heat pipe surface more than the upper surface. Moreover, from 

numerical temperatures contours, it could be stated that the increasing lower 

to upper surface is about (2 – 4) %. 

             The same figure could realize that when velocity increased more 

particle impact the lower surface while air stream separation increased in the 
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upper surface. That makes the difference in temperature will be more at high 

velocity. But more particles inside domain could make the distributed heat 

lead to more influence at constant superficial velocity. As a result, this will 

reduce the temperature differences between lower and upper surfaces     

 

 

 

Figure (5.18): Velocity vector at bed height 2.5cm and superficial velocity 

0.8739m/s 

 

5.3.8 heat distributed inside condensers part  

           Figure (5.19) that represents temperature contour at condenser part, 

showed three heat pipes temperature surface, also the figure shows 

increasing in air velocity at exit hole where area become smaller.     

           Figure (5.20 a-c) represent heat distribution contours at condenser 

part at many superficial velocities and particle bed thickness. It seems that 
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the air enters with a low temperature and hits the heat pipe surface. 

Therefore, the pipe surface temperature decreases while the surrounding area 

temperature increases, when this process happens to the second upward pipe, 

the impact will be less. So, the absorbed temperature by the pipe is less than 

the previous one. When this occurs to the third upward pipe, the absorbed 

impact will be least where the surrounding are needless to get more 

temperature from the pipe surface. In sum, the third pipe is the hottest one if 

compared with the previous downward pipes.  

 

 

        

Figure (5.19): Air velocity vector and heat contour at condenser part  
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Figure (5.20): Condensers heat distribution at a different superficial 

velocity and different particle bed height  
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5.3.9 Influence of particle bed on heat transfer coefficient 

          Figure (5.21 a-c) clarifies heat transfer coefficient values under all 

operation conditions. The charts show increasing heat transfer coefficient 

with increasing particle bed thickness, and maximum enhancement about 

(95%) which occurs at particles bed 10 cm and superficial velocity (1.377) 

m/s at heat pipe number (1), while minimum enhancement was (90%) at bed 

2.5 cm and superficial velocity (0.8739) m/s at heat pipe number (3).  

 

 a-Air superficial velocity 0.8739 m/s 

 

 

b-Air superficial velocity 1.1236 m/s 

Figure (5.21):  Influence of particle bed thickness on heat transfer 

coefficient at different air velocity 
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c-Air superficial velocity 1.377 m/s 

Figure (5.20) continued 

 

5.3.10 Nusselt number variation with Reynolds Numbers 

         Figure (5.22 a-c) states numerical values for Nusselt and Reynolds 

numbers for superficial velocity (0.8739 to 1.377) m/s. Charts obviously 

show Nusselt number increase with increasing Reynolds number for all 

particle bed height and also increased with increasing velocity. Maximum 

increase in Nusselt number is about (76%) and that occurs at superficial 

velocity 1.377 m/s at heat pipe number (1) and at particle bed height 10 cm 

comparing with no particle was used; while minimum value (60.5%) which 

found at superficial velocity 0.8739m/s at heat pipe number (3) and at 

particle bed height 2.5 cm comparing with no particle was used 
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a-Superficial velocity 0.8739 m/s 

 

b-Superficial velocity 1.1236 m/s 

 

c-Superficial velocity 1.377 m/s 

Figure (5.22):  Relationship between Nusselt and Reynolds numbers for all 

heat pipes at different bed thickness and superficial velocities 
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5.4 comparison between experimental numerical results  

5.4.1 heat pipe location  

          Figure (5.23 a-c) collects evaporator heat gained for numerical and 

experimental measured for superficial velocity (0.8739 to 1.377) m/s and 

particle bed height (0 to 10) cm. for heat pipe number (1). Form the lower 

figure, it could have observed that heat pipe gained was similar behavior at 

experiment and numerical values. It could be observed that at increasing 

particle bed thickness increased heat gained for all heat pipes; but with 

different ratios since the increase of heat transfer coefficient for air- particles 

mixtures. Also it could be observed that with the increase air velocity heat 

pipe gained increased because the good commingles take place at high 

velocity. 

          From the same figure, it could be  observed that amount of numerical 

and  experimental values were closed together and with maximum deviation 

between them is (8%) .It could be also  observed that  numerical less than 

experimental values due to errors in measurements devices that used to 

measure heat and air flow rate in experimental part .Another reason was in 

experimental  calculation when mixture properties were taken constant with 

changing of temperature for domain  while, indeed all, the properties were 

changing with temperature  ,also the hypotheses that used in numerical 

procedure  
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a- Air velocity 0.8739m/s 

 

b- Air velocity 1.1236 m/s 

 

c- Air velocity 1.377 m/s 

Figure (5.23a-c):  Numerical and experimental comparison heat gained 

values for heat pipe (1) in evaporator part at different particle bed thickness 

and air velocities  
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5.4.2 Influence of particle bed thickness 

           Figure (5.23 C) shows the particle bed effect on evaporator part heat 

gained numerically and experimentally for heat pipe number (1) to compare 

between them. The bed thickness in our consideration was (0, 2.5, 5, 7.5, 10) 

cm. and superficial velocity was (1.377) m/s. clearly, it could be noted that 

increasing heat gained with increasing particle thickness.   

5.4.3 Pressure drop comparison  

            Figure (5.24 a) represents experimental numerical pressure drop 

comparison at superficial velocity 0.8739 m/s for particle bed (0, 2.5, 5, 

7.5 ,10) cm. two curves closed together and with average deviation (11%). 

              And Figure (5.24 b) represents it at superficial velocity 1.1236 m/s 

and with average deviation (4%). 

               At same Figure at(c) with superficial velocity 1.377 m/s and with 

average deviation (8.6%). 

                 It seems the deviation between numerical and experimental values 

due to the measuring pressure drop at two-dimension models while at real 

model there was three dimensions.  

 

a-Superficial velocity 0.8739 m/s 

Figure (5.24): Pressure drop experimental numerical comparison 

At different superficial velocity    
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b-Superficial velocity1.1236 m/s   

 

c-Superficial velocity1.377 m/s   

Figure (5.24) continued 

5.4.4 Porosity comparison  

        Figure (5.25a) represents experimental numerical porosity comparison 

at superficial velocity 0.8739 m/s for particle bed (2.5, 5, 7.5 ,10) cm. two 

column closed together and with average deviation (3.5 %). 

        Figure (5.25 b) represents porosity at superficial velocity 1.1236 m/s 

and the average deviation was (5.75 %). 

        Figure (5.25 c) represents porosity at superficial velocity 1.337 m/s and 

the average deviation was (5.4 %). 
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a-Superficial velocity 0.8739 m/s   

 

b-Superficial velocity 1.1236 m/s   

 

c-Superficial velocity 1.377 m/s   

Figure (5.25 a-c):  Experimental- numerical porosity comparison at 

superficial velocity (0.8739-1.377) m/s for particle bed (2.5, 5, 7.5 ,10) cm 
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5.4.5 Comparison of superficial velocity effect 

         Figure (5.26 a-b) represent compression between experiential and 

numerical values for evaporator heat gained. 

 It could be noted from chart similar behavior between experimental and 

numerical values with average deviation about (8.5%). It is also observed 

that superficial velocity changes have less effect on increasing heat gained 

in evaporator part with testing operation range.   

 

a-Air only  

 

b- Particle bed thickness 10cm 

Figure (5.26 a-b):  Comparison experimental- numerical heat gained values 

for different superficial velocity at different bed thickness 
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5.4.6. Comparison of heat transfer coefficient  

            Figure (5.27 a) shows a comparison between heat transfer coefficient 

values of experimental and numerical procedure at superficial velocity 

0.8739m/s and for particle bed height (0,2.5,5,7.5,10) cm. definitely two 

curves closed together but average deviation between them at that velocity 

was 11.5 %. 

            Figure (5.27 b) shows same comparison at superficial velocity 

1.1236 m/s with average 9.9 % 

            Figure (5.27 c) shows same comparison at superficial velocity 

1.377m/s with average deviation 9.96 % 

 

a-Superficial velocity 0.8739 m/s 

 

b-Superficial velocity 1.1236 m/s 

Figure (5.27a-c): Heat transfer coefficient comparison for experimental- 

numerical values for heat pipe number (1)  
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c-Superficial velocity 1.377 m/s 

Figure (5.26) continued 

 

5.4.7 Comparison experiential and numerical Nusselt number  

         Figure (5.28a) represents comparison between numerical experimental 

values for Nusselt numbers at heat pipe inside evaporator part for superficial 

velocity 0.8739m/s. The two curves closed together average deviation for 

heat pipe no. (1, 2, 3) was 7.28%,7.08%,6.525% respectively.  

         Figure (5.28b) represents comparison between numerical experimental 

values for Nusselt numbers at heat pipe inside evaporator part for superficial 

velocity 1.1236m/s. The two curves closed together average deviation for 

heat pipe no. (1, 2, 3) was 7.2%,7.14%,7.72% respectively. 

         Figure (5.28c) represents comparison between numerical experimental 

values for Nusselt numbers at heat pipe inside evaporator part for superficial 

velocity 1.377m/s. The two curves closed together average deviation for heat 

pipe no. (1, 2, 3) was 8.16%,6.94%,10.76% respectively. 
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a-Superficial velocity 0.8739 m/s                   

                           

b-Superficial velocity 1.1236 m/s 

 

c-Superficial velocity 1.377 m/s 

Figure (5.28 a-c): Comparison experiential and numerical values of Nusselt 

Number for heat pipe number (1)  



 

 

 

 

 

CHAPTER SIX 

CONCLUSIONS AND 

RECOMMENDATIONS



Chapter Six ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ Conclusions and Recommendations 

 

116 

Conclusions and Recommendations 

6.1. Conclusions 

The experimental statistics were compared with a CFD simulation 

data extracted from ANSYS FLUENT 18.0The following conclusions can 

be made. 

1- Heat pipe location have severe effect on heat gained in evaporator 

part, where pipe heat gained has direct proportional with its location 

close to heat source. Heat pipe number (1) gained heat greater than 

heat pipe number (3) with 57%. maximum amount of heat gained in 

evaporator part achieved at high superficial velocity 1.337 m/s and at 

high particle bed thickness 10 cm.  

2- The results show that when the particle bed increased from (2.5 to 10) 

cm. the porosity decreased by (9%) approximately for all superficial 

velocities. For increasing superficial velocity from (0.8739 to 1.377) 

m/s, the porosity decreased by 2%. 

3- Increasing superficial velocity for (0.8739 to 1.337) m/s increased the 

heat gained at evaporator part for maximum and minimum values (21 

and 8) % respectively.  

4- When particle bed thickness increased from (0 to 10) cm. pressure 

drop by 65% increased; while at same particle bed but at different air 

superficial velocity, the pressure drop does not exceed (13%).  

5- The heat transfer coefficient at particle bed thickness (10) cm. 

increased by (70%) if compared with no particle bed case at the same 

superficial velocity at heat pipe number (1). 

6- The maximum Nusselt Number was (35.125) which was achieved at 

maximum particle bed height (10cm) at maximum superficial velocity 
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(1.377m/s). The maximum enhancement in Nusselt Number was 

(75.7%). 

7- From the comparison of the results, the minimum and maximum 

difference in Nusselt number was (6.525 and 18.6) %. between the 

experimental and the numerical results.  

 

 

6.2. Recommendations 

Recommendation can be given in the following points:  

1- Studying heat gained in heat pipe at same outer condition but for 

different working fluid type, different wick layer number, different 

wick type and also at different heat pipe diameter. 

2- Using other types of particles inside the box. Also heat gained can be 

calculated with different particles diameter and comparing between 

the results and previous results. 

3- Use a wide range of air superficial velocity and note the difference in 

heat gained at different air velocity. 

4- Add Nano particles inside heat pipe and study heat pipes heat gain 

enhancements. 

5- Studied effect of heat pipes sort on heat gain in evaporator parts and 

its effect on heat transfer coefficient inside evaporator part.    

#################### 
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A-1 

 

 Appendix-A 

1. effective of Capillary radius rc          

                                           rc= 
𝟏

𝟐 𝑵
                                                             …(A-1) 

   Where N is the number of pores at wick for one meter   

2. Porosity εp     

                                       εp = 1- 
π∗𝑆∗𝑁∗𝐷𝑤

4
                                            …(A-2) 

        S = crimping factor for wick structure = 1.05 

3. Permeability K 

                                                                  K = 
𝐷𝑤^2∗𝜀^2

122(1−𝜀)^2
                                                     …(A-3) 

4. Screen Mesh Effective Thermal conductivity Keff 

                              Keff =Kl *[
(Kl+Kw)−((1−ε)∗(Kl−Kw))

(Kl+Kw)+((1−ε)∗(Kl−Kw))
]                        …(A-4) 

           Kl = thermal conductivity for liquid 

           Kw = thermal conductivity for the wick  

5. Effective heat pipe length Leff  

            Leff = 0.5Le+Lad+0.5Lc                                                         … (A-5)  

6. Vapor core temperature 

The equation that calculation heat pipe limit getting from  

ce

cSceSe

V
LL

LTLT
T




                                                                               …(A-6) 

Where Tv vapor gap temperature, Tse heat temperature at the evaporator part 

surface, Tsc heat temperature at condenser part surface, Le evaporator part 

length, Tc condenser part length.  
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A-2 

 

7. limitation of heat transfer in the heat pipe[62]  

          The heat pipe transfer heat from evaporating side to condenser side by 

working fluid movement inside it, if the amount of heat exceeds limit range 

the liquid-vapor cycle may be disturbed and that lead to evaporate dry and 

at that time the heat pipe stop work. That limits was calculate from previous 

equation.                

   

7.1 Capillary limit.  

           The movement of working fluid inside the heat pipe depends on 

pressure differential and that includes liquid and vapor phase, so that amount 

of that pressure difference should be more than pressure losses inside heat 

pipe ∆P max  

Qc,max = [
𝜌𝑙×𝜎𝑙×ℎ𝑓𝑔

𝜇𝑙
] [

𝐴𝑤∗𝐾

𝑙𝑒𝑓𝑓
] [[

2

𝑟𝑒𝑓𝑓
] − [

𝜌𝑙

𝜎𝑙
] 𝑔𝐿𝑡𝑐𝑜𝑠𝜃]                                     …(A-7) 

7.2 Viscous limit  

That limit depends on losses in pressure because of viscosity The general 

expression represents that limit calculation was. 

Qv,max =  
𝜋∗𝑟𝑣^4∗ℎ𝑓𝑔∗𝜌𝑣,𝑒∗𝑃𝑣,𝑒

12∗µ𝑣,𝑒∗𝐿𝑒𝑓𝑓
                                                            …(A-8) 

7.3 Entrainment limit 

             Inside heat pipe, there is tow phase flow liquid and vapor at the same 

time, if that amount of shear force becomes larger than surface tension of 

liquid at that time particle of liquid was leave its path (the wick) and travel 

with vapor  

 

Qe,max = Av * hfg [ 
𝜌𝑣∗𝜎𝑙

2𝑟𝑐,𝑎𝑣𝑒𝑟
]  

0.5                                                                              …(A-9) 
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A-3 

 

 7.4 Sonic limit  

                Liquid converted to vapor in evaporator part and since vapor mass 

increased gradually until it reaches to a maximum value at the end of 

evaporator so the vapor velocity becomes very high, and when the vapor 

velocity equal to sonic velocity then choked flow was occurring. 

Qs, max = 0.474*A
v
 *h

fg
*(ρ

v
 ×Pv ) ^ 0.5                                            …(A-10)                           

3.3.5 Boiling limit  

                This type of limit was concern with the evaporator part of heat pipe 

that at high operation temperature the bubble was created inside wick 

structure in evaporator part, that bubble becomes like a film inside wick 

prevented heat transfer axially from heat source to working fluid to heated it 

and also prevent more liquid to back from condenser to evaporator and that 

caused evaporator dry. 

Qb,max = (
𝟒∗𝝅∗𝒍𝒆𝒇𝒇∗𝑻𝒗∗𝝈𝒗

𝒉𝒇𝒈∗𝝆𝒍∗𝒍𝒏(
𝒓𝒊

𝒓𝒗
)

 ) *( 
𝟏

𝒓𝒏
+

𝟏

𝒓𝒄𝒆
 )                                                 …(A-11) 

3.4 Falling ratio  

         Studied the exact amount of working fluid that should be but inside 

heat pipe was Avery important matter because a small amount of working 

fluid means dry may happen in the evaporator and large amount mean water 

has glugged the condenser and to calculate it there is a theoretical equation 

to calculate it as shown below. 

m =Av * L*ρ
v
 +Aw* L*ε*ρ

l
                                                        …(A-12) 

Where all that working fluid properties at 200 Co 

And there is an experimental equation 

φ = Vl / Vw                                                                                      …(A-13) 
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A-4 

 

Where: 

φ: working fluid falling ratio 

Vl: working fluid volume 

Vw: volume of wick space 

Heat pipe calculation 

1-Vapor core temperature 

               
ce

cSceSe

V
LL

LTLT
T




  = 

81.6∗64.5+34.5∗42.3

64.5+42.3
  = 630C 

2- effective Capillary radius rc          

                  rc = 
1

2 𝑁
 = 

1

2∗7086.614
= 7.0555 ∗ 10^ − 5 

3- heat pipe porosity  

          εp = 1- 
π∗𝑆∗𝑁∗𝐷𝑤

4
  = 1- 

𝜋∗1.05∗5∗0.055

4
    = 0.773   

4- Permeability   

                 K = 
𝐷𝑤^2∗𝜀^2

122(1−𝜀)^2
  = 

0.0552∗0.7732

122(1−0.773)2
  = 2.87523*10^-4 

5- Screen Mesh Effective Thermal conductivity Keff 

                Keff =Kl *[
(Kl+Kw)−((1−ε)∗(Kl−Kw))

(Kl+Kw)+((1−ε)∗(Kl−Kw))
]          

   Kl = 0.654 w/m. k                                         at 60  0C                                           

   Kw= 16.35 w/m. k for stainless steel        at 60 0C  

                             =0.654*[
(0.654+16.35)−((1−0.773)∗(0.654−16.35))

(0.654+16.35)+((1−0.773)∗(0.654−16.35))
 ] = 0.94915 w/m.k   

6-Effective heat pipe length Leff 

                Leff = 0.5Le+Lad+0.5Lc =0.5*(64.5+2*1+34.5) = 0.505 m 

Properties at 600C and wick properties wanted in heat pipe limitation 

calculation listed below  

hfg =2358.6                      бl = 0.06619         
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A-5 

 

ρl = 
1

𝑣𝑓
 = 983 kg/m3               µl = 0.4673*10-3 N.S/m2 µve=1.05*10-5 

ri =9.9*10-3  m    and  rv = 9.35*10-3  m 

rn = 2*10-6    constant value 

           

7- Sonic limit 

                    Qs, max = 0.474*A
v
 *h

fg
*(ρ

v
 *p

v) 
0.5  

                                = 0.474*𝜋 *(9.35*10-3)2 *2358.6*103 (
1

7.68
∗ 19.92*103)0.5            

                                 = 15637 watt   

8- Viscous limit 

Qv,max =  
𝜋∗𝑟𝑣^4∗ℎ𝑓𝑔∗𝜌𝑣,𝑒∗𝑃𝑣,𝑒

12∗µ𝑣,𝑒∗𝐿𝑒𝑓𝑓
   for getting case average temperature in 

evaporator surface was Tve =81.5 0C at that temperature calculate density 

and pressure 

          =
𝜋∗(9.35∗10−3)4∗2358.6∗103∗(

1

7.68
)∗19.92∗103

12∗1.05∗10−5∗0.505
 = 23.08*105 watt. 

 

 

 

9- Entrainment limit 

         Qe,max = Av * hfg [ 
𝜌𝒗∗𝜎𝒍

𝟐𝑟𝒄,𝒂𝒗𝒆𝒓
] 0.5  

                        = 𝜋 ∗ (9.35 ∗ 10−3)2 ∗ 2358.6 ∗ 103 ∗ [
(

1

7.68
)∗0.06619

2∗7.05555∗10−5]

0.5

= 

                        =17013 watt 

 10-  Capillary limit   

                 Qc,max = [𝜌𝑙𝜎𝑙ℎ𝑓𝑔
𝜇𝑙

] [
𝐴𝑤∗𝐾
𝑙𝑒𝑓𝑓

] [[
2

𝑟𝑒𝑓𝑓
] − [

𝜌𝑙
𝜎𝑙

] 𝑔𝐿𝑡𝑐𝑜𝑠𝜃]    

      When evaporator is down and condenser above then  𝜃  = 180 
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A-6 

 

         If  Condenser  is down and evaporator  above then  𝜃  = 0 

             If horizontally                                                        𝜃   = 90 

𝐴𝑤=cross setion area for wick = 𝜋*Di = 𝜋 *19.8mm = 62.2 mm  

      = 62.2 ∗ 5 ∗ 0.11 = 34.2119 mm2 = 34.2119 *10-6 m2 

 

          =[
983∗0.06619∗2358.6∗103∗

0.4673∗10−3 
] ∗

[
34.2119∗10−6∗2.87523∗10−4

0.505
]*[(

2

7.05555∗10−5
) − (

983

0.06619
) ∗ 9.81 ∗ 1 ∗ 𝑐𝑜𝑠90] 

           = 3.1813 *104 watt 

 ____________________________________________________________ 

Calculation for working fluid 

ri= 19.8/2mm=9.9 mm 

rv= ri-(number of wick layer*layer thickness) 

    = 9.9-(5*0.11)= 9.35 mm 

Aw= 𝜋*(ri2-rv2) = 33.2616mm2 wick cross section area 

Av= 𝜋*rv2=2.746*10-4 m2 

ρf =
1

𝑣𝑓
= 969 kg/m3             from steam table at 600C 

ρv=
1

𝑉𝑣
 = 0.3378 kg/m3 

m =Av * L*ρv +Aw* L*ε*ρl  

        =   2.746*10-4 *1*  0.3378 +  33.2616*10-6 *1*0.773*969   

      = 0.025 kg =  25CC   

That’s theoretical value and bay mutably by 2.55 that many searchers 

recommend  

      = 25*2.55= 63.75 cc fulling amount for each pipe  

OR 

φ = Vl / Vw 
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Vw= 𝜋*(ri2-rv2)*1= 𝜋*(9.92-9.352)*1= 33.26 *10-6m3 

Vw new = Vw * εp = 33.26 10-6*0.773=25.711* 10-6m3 

considered that best ratio was 2.55 as recommended  

Vl = 25.711* 10-6 *2.55 = 65.56 CC  

                

                                                               

Figure (A-1) wire screen mesh originality certificate 

Table A-1 compatibility data[5]
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Table A-2 different types of working fluid with useful temp. 

Range[2] 
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Appendix-B 

 (Calibration Values of Thermocouple and Temperature Recorder) 

        In the present work thermocouple with K type manufacture from 

kormaed +aluminum used and chosen that type of thermocouple because of 

high working range for operation temperature (190 – 1260) K. Used in 

present work 28 thermocouple, five in evaporator surface of each one of 

three heat pipe and one at condenser part, one before heater and one above 

of it in evaporator part, two above of distributed plate and one after each pipe 

in evaporator part and three after each pipe in condensers part  

Each one of thermocouples calibration process was taken place to it and 

the calibration procedure was. 

            Exposing each thermocouple to a fixed point setting (distilled 

water, boiling temperature, at 100Co and ice point at 0 Coat, atmospheric 

pressure). Also exposed to acetone with boiling point (56.1Co). Figure (B 1) 

show the data plan of the thermocouple, reading temperature degree for that 

test compared with the real temperatures that take by used mercuric 

manometer. The average calibration line fits the spread data points, and line 

equation represent correction equation for reading value, that procedure 

applied for all (28) thermocouple.  

Y = 0.9989x + 0.0581 correction equation for thermocouple reading  
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Figure (B 1):  Thermocouple photo and its calibration for one of them   

 

 

Figure (B 2): Hot wire properties 
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              Calibration certificate for data recorder  



Appendix ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Appendix 

 

B-4 

 

 

 

                     Calibration certificate for velocity meter   
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Appendix-C 

   

Uncertainty Calculation  

For calculate error analysis, repeated the reading for all thermocouples 

for four times, take water boiling point as reference. Standard and main 

standard deviation was calculate as following: 

        
                                𝜎𝑚,,,  

 

Where σ is the standard deviation  

 𝜎𝑚 is the mean standard deviation  

𝑥𝑖 is the values of temperature reading  

  �̅� is the mean of values temperature reading  

 n is the number of reading of temperature. 

As the true value (x) was also calculated by  

 

For thermocouple no. (1), the reading values were (101.1,99.1,98.2,99.3) oC. 

The average for that’s values was (99.425)  

standard deviation calculates: 

= √
 (101.1−99.425 )2 +  (99.1−99.425 )2  (98.2−99.425 )2+ (99.3−99.425 )2

4−1
  

=1.551 

𝜎𝑚 =
1.551

√4
 =0.7755 

And the true value (x) =99.425 ± 0.7755=100.2005 , 98.6495 

The percentage uncertainty = 
100.2005−99.425

100.2005
  *100%= 0.773 % 

𝜎 = √
∑ (𝑥𝑖 − �̅� )2𝑛

1

𝑛 − 1
 

 

𝜎𝑚 =
𝜎

√𝑛
 

 

𝑥 = �̅�  ± 𝜎𝑚 



Appendix ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  Appendix 

 

C-2 

 

                                             =  

98.6495−99.425

98.6495
 *100%=-0.786 % 

 As well as with other sensors. The Table below displays the shows the 

percentage uncertainty values of each of the four pressure sensors. 
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 الخلاصة

الحراري نبوب لتحسين قيم معامل أداءالأوعددية في هذا البحث، تم إجراء دراسة عملية 

حيث  الغبار المتطاير من مدخنة معمل الأسمنت كجزيئأت متميعهدقائق بأستخدام الطبقة المتميعة.أستخدم 

كهربائي  سخن بواسطه مسخن ,الهواء الداخل الى النموذج الذي تم صنعهسخنت لمحاكاة مدخنة المعمل ,

وتم وضع غبار ألاسمنت  m/s (and 1.377 ,0.8739,1.1236), كانت سرعة الهواء الداخل للنموذج  

 cm (2.5,5,7.5and10) .  مختلفةفي جزء المبخر بأرتفاعات 

الجانب العملي تظمن أنشاء منظومة اختبار تحتوي على اجهزه قياس ومعدات ظروريه لحساب 

الحراري ,ومن أجزاء المنظومه)مقياس سرعة لجريان,متحسسات مقدار التحسين بقيمه الكسب 

وعازل ,صندوق خشبي,أنابيب توصيل الهواء الحراره,صمامات ,مانوميتر,أنابيب حرارية

جزء تصنيع الانابيب الحراريه شمل اختيار انابيب من النحاس بقطر خارجي ,الجزيئات(

22.22mm         19.8وداخلي mm طبقات من ستنلس ستيل ,وأستخدم  5,وظعت داخل كل انبوب

 لكل انبوب.  ml (65.5)الماء المقطر كمائع تشغيل بمقادر  

وبسرعه هواء متجانسه,  (Re = 2400 -318728)أجريت الاختبارات ظمن مدى عدد رينولدز

كما وشملت الدراسة العملية تحضير الجزيئات ودراسه خواصها مختبريا مثل )الكثافه,الموصليه 

,قطر الجزيئات(, كما وتم حساب معدل الجريان ودرجه حراره سطح الانبوب الحراري الحراريه

 وأنخفاظ الضغط لكل حاله.

ليه الحاكمه ضلحل المعادلات التفا ANSYS FLUENT bundle-(18.0)أستخدم برنامج 

دراسة  عند البعدين وعند الابعاد الثلاث لدراسة تأثير الجزيئات على تحسين انتقال الحراره وكذالك

تم الحصول عليها في جزء المبخر عند  (35.2)بينت النتائج ان اكبر قيمه لعدد نسلت  , تصرفها بالحيز 

 = 1.337m/s    (Reوعند سرعه هواء  10cm( وعند أرتفاع جزيئات 1الانبوب الحراري )

الحراري يزيد الكسب  318728الى  2400كما وبينت النتائج ان زياده عدد رينولدز من ,(318728

ومن خلال أجراء المقارنه بين النتائج العمليه والنظريه ,%72.5للأنبوب الحراري بجزء المبخر بمقدار 

 على التوالي . % (4 ,18.6)بين النتائج وبأقل وأعلى نسبه أختلاف   مقبوللعدد نسلت لوحظ تطابق 
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