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Abstract

:

In order to meet increasing power-dissipation requirements of the electronics industry, compact, low-cost, and lightweight heat exchangers (HXs) are desired. With proper design, materials, and manufacture, polymer composite heat exchangers could meet these requirements. This paper presents a novel crossflow air-to-water, low-cost, and lightweight metal-polymer composite HX. This HX, which is entirely additively manufactured, utilizes a novel cross-media approach that provides direct heat exchange between air and liquid sides by using connecting fins. A robust numerical model was developed, which includes the dimensional effects of additive manufacturing. The study consists of a simplified 3D CFD model based on ellipsoidal-shaped staggered tube banks for the laminar range. It then uses an analytical approach to compute entire HX performance. The model is validated experimentally within 8% for thermal performance, 12% for air-side impedance, and 18% for water-side impedance. Finally, HX is compared with a conventional CPU radiator and performs within 10% of the conventional unit for reasonable flow rates and pressure-drop ranges. Moreover, HX also provides added design and cost advantages over the conventional unit, which makes the HX a potential candidate for electronic cooling applications.
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1. Introduction


Due to the fact that compact heat exchangers are an integral part of energy exchange processes, their designs have continuously evolved to meet the growing demands of diverse industries. Compact HXs for gas-to-liquid applications typically consist of metal structures configured with different types of fins such as louver fins, wavy fins, and offset-strip fins [1] on the air side. The purpose is to enhance air-side heat transfer rates, since the air-side heat transfer coefficient is typically very low. However, the liquid heat transfer area of such designs is typically only minimally enhanced, as the liquid heat transfer coefficient is already much higher than that of the air. Moreover, it can be difficult to fabricate complex geometries inside narrow liquid-side channels. Thus, compact, lightweight, low-cost, and low thermal resistance HX units are needed to meet increasing power-dissipation requirements of diverse industrial applications.



Due to lightweight, low-cost, and anti-corrosive properties of polymers, several polymer HX designs have been developed [2,3,4,5,6]. However, the lower thermal conductivity of polymer of about 0.2–0.6 W/(m·K) [7] yields relatively higher conductive resistance through the HX structure. One method to resolve this issue is by increasing the thermal conductivity of polymer HXs to up to 20 times by using metal fillers [4] or carbon nanotubes [8,9] in the polymer media. However, extensive research is still required to determine the effect of metal fillers and polymers on effective thermal conductivity and anisotropic properties of HXs [10]. Another method to fix this issue is to reduce the polymer’s wall thickness using thin-walled polymer HXs [11,12,13,14], such as crossflow micro-passage HXs [15]. However, such thin structures are limited by manufacturing constraints. Alternatively, recent studies have presented metal-polymer composite HXs such as hybrid polymer HXs [16] and continuous-wire HXs [17,18]. These hybrid polymer HXs consist of copper and polymer helically wound hybrid tubes capable of increasing effective thermal conductivity from 0.1 W/(m·K) to 1 W/(m·K). However, these HXs are constrained in their tube diameter size. Continuous-wire HXs consist of fine metal wires, with diameters as small as 0.105 to 0.25 mm, woven or knitted through plastic walls. They have been compared to pin-fin arrays, which have been reported to deliver the same performance as conventional louvered fin HXs but at 22% less volume [19]. However, these HXs suffer from wire-curvature issues and lack a robust fabrication procedure.



The current paper meets the above challenges by utilizing a novel, entirely additively manufactured, low-cost, and lightweight metal-polymer composite HX [20,21,22], with effective thermal conductivity in the range of 130 W/m-K [21]. High thermal conductivity metal wires contribute towards effective thermal conductivity while polymer media contribute to a lightweight and low-cost unit. HX uses an optimized finned area on both air-side and liquid-side surfaces to yield better thermal performance than conventional units for liquid cooling applications of electronics.



The additively manufactured metal-polymer composite HX [23,24] comprises an HX core made of polymer and an array of metal wires, which act as fins for both air-side and liquid-side convective heat transfer, as shown in Figure 1. Metal wires can be arranged in a staggered or inline configuration. The heat exchanger can also include additively manufactured integrated liquid manifolds of polymer. Customized 3D printing processes utilize a polymer and a metal head based on a hybrid and innovative approach [25] designed and developed by a few of the co-authors, as described in [20,26]. The polymer head prints layers of polymer media to build air-side and liquid-side channels using FDM while the metal head prints bare metal wires that continuously lay over the polymer media using EFCAM such that they form a direct heat transfer route between the air-side and liquid-side channels. These wires transfer heat effectively, despite low thermal conductivity of the polymer structure, as shown in Figure 1. This concept is referred to as the cross-media approach, and HXs are referred to as integrated cross-media HXs (iCMHXs). HXs are additively manufactured in-house using a customized proprietary 3D printer. HXs are then post-processed by dip-coating them in polyurethane sealant to ensure leak-proof polymer–metal interfaces [24]. Post-processed HXs are then tested and modeled for heat transfer between hot and cold fluids.



As shown in Figure 1c, for a given wire, heat is first transferred directly by convection between hot water and coated wires (Rw), and then by conduction through coated wires (Rcond) until it reaches the air side where heat is transferred by convection with cold air (Ra). In addition to the direct heat transfer route, the novelty of the iCMHX design is further enhanced due to in-built integrated manifolds, double liquid pass flow, small diameter metal wires, and, if desired, thick polymer walls. Small diameter wires result in increased heat transfer area per unit mass, while thick polymer walls can result in higher structural integrity independent of low thermal conductivity of the polymer.



The current study first characterizes experimental results of the iCMHX unit, which can be used as a CPU radiator. The experiments are performed for a specified laminar range that replicates the liquid cooling environment. Since iCMHX is additively manufactured, its printing variabilities are statistically studied to obtain the average printed dimensions of the HX. The numerical study is then carried out by using a simplified 3D CFD model based on average geometric dimensions to obtain heat transfer coefficients of the fluids. Overall HX performance is then analytically modeled using these heat transfer coefficients and compared with experiments.



iCMHX is designed to possess similar size and performance as the conventional and standard all-in-one CPU coolers that are typically attached with 120-millimeter standard fans [27,28]. In the current study, iCMHX is compared with one such off-the-shelf conventional unit, an aluminum HX with louver fins on the air side and plain channels on the liquid side, as shown in Figure 2.



The next section discusses the experimental study, which is later used to validate the numerical model.




2. Experimental Study


The experimental study involves test setup, instrumentation, data reduction, and uncertainty analysis.



2.1. Test Setup


The schematic of the test setup consists of two loops: the air-side loop and the water-side loop, as shown in Figure 3.



The air side is an open loop comprising of a blower, air pre-chiller, pre-cooler, rotameter, and static mixer. The loop starts with a blower that drives room air inside a foam-insulated duct system. The airflow rate inside the duct is varied manually by using a variable frequency drive connected to the blower. The room air then flows past the pre-cooler, which first cools the air coming from the blower to control and reduce air-side inlet temperature. The pre-cooled air then moves across the rotameter, which measures the air flow rate. Air then flows through the duct until it reaches a static mixer that is placed right before the test section to provide uniform temperature distribution entering iCMHX. The air then passes through the test section and exits into the room in an open loop.



Air-side temperatures and pressure drop across HX are measured by thermocouples and analog pressure gauges, respectively. Temperatures of inlet and outlet air are measured by a group of 10 thermocouples, of which each pair of parallel thermocouples is used as one thermopile. Taken together, the 10 thermocouples are arranged in a 10-point mesh structure and placed at the inlet of the test section. The parallel thermocouples reduce temperature uncertainties due to averaged temperature readings over 10 thermocouples as compared to an individual reading [29]. Similarly, outlet air temperature is measured by using another 10 thermocouples with similar thermopile combinations arranged in another 10-point mesh and placed at the outlet of the test section. The temperature grid is placed at locations containing well-mixed airflow for maximum uniformity in temperature. Air-side pressure-drop is measured by an analog pressure gauge, which takes differential readings between the inlet and outlet of HX. The pressure reading at both inlet and outlet is area-averaged via four pressure ports, each located at the inlet and outlet of iCMHX.



The liquid side is a closed loop that includes a chiller, pump, and Coriolis-flowmeter. The loop starts with a chiller that regulates inlet water temperature. Hot water flows via a flexible plastic tube across a pump controlled by user-input voltage defined in LABVIEW. The water then flows through the Coriolis-flowmeter, which measures the liquid-side flowrate before passing through the HX inlet. Subsequently, cold water exits via the HX outlet and flows into the sink of the chiller. The water then continues to run in the closed-loop cycle.



Similarly, the water-side temperatures and pressure drop across the HX are measured by thermocouples and a manometer, respectively. The water temperature of the inlet HX is measured by a group of five thermocouples, of which parallel combinations of two and three thermocouples are used as two separate thermopiles. Similarly, the outlet temperature is measured using another five thermocouples.




2.2. Instrumentation


The instruments used in the test setup are calibrated as listed in Table 1.



The test setup is built for operating conditions similar to those of a CPU radiator in liquid cooling applications, as shown in Table 2. Air-side testing includes variable airflow rate (    m ˙  a   ) with a specified range and a constant waterflow rate (    m ˙  w   ) kept to its maximum value. Similarly, water-side testing includes variable waterflow rate with specified range and a constant airflow rate. A LABVIEW program connected to a DAQ recorded the testing data.




2.3. Data Reduction


The thermal and hydrodynamic performance of iCMHX is quantified by derived parameters, such as heat transfer rate, pumping work, and measured parameters, such as air-side and water-side pressure drops. Thermal and hydrodynamic performances are obtained independently for both air-side and water-side testing data using the procedure described below.



First, heat transfer rates from both the air side and water side are derived from measured flowrates, temperatures, and specific heat capacities    C p   , as shown in Equations (1)–(3).


   Q a  =  C a   (   T a  out   −  T a  in    )   



(1)






   Q w  =  C w   (   T w  in   −  T w  out    )   



(2)







Here,    C a    and    C w    are defined by Equation (3):


   C i  = (   m  ˙   C p   ) i   



(3)




where index  i  takes the value of  a  and  w .



In order to maintain energy balance (EB) between air and water, EB is computed from the average heat transfer rate, as shown in Equations (4) and (5). For the present study, all experimental data are taken at steady-state, and EB was found to be within 2.3%.


  Q =    Q a  +  Q w   2   



(4)






   EB     [ % ]  =   |  Q w  −  Q a  |    Q  avg     × 100  



(5)







Lastly, total pumping work performed on fluids is computed from measured      Δ p   a    and      Δ p   w    values, as shown below.


   P  pumping   =       m ˙   a     ρ a        Δ p   a  +       m ˙   w     ρ w        Δ p   w   



(6)








2.4. Uncertainty Analysis


During any experiment, in-built instrumental uncertainties (   α   x i     ) not only affect measured raw data (   x i   ) but also induce uncertainties (   α f   ) on each derived quantity (   f i   ). The list of random instrumental uncertainties can be found in Table 1. However, in order to obtain uncertainties on derived quantities, an uncertainty analysis was carried out, which uses the dependence of derived quantities on measured quantities    (    ∂  f i    ∂  x i     )  ,   as explained in NIST Technical Note 1297 [30]:


   α   f j    =     ∑   i = 1  n   {     (    ∂  f j    ∂  x i     )   2   α   x i   2   }     



(7)




where  x  refers to the uncertainties from  n  different raw measured values including      m ˙   w   ,      m ˙   a   ,       Δ p   a   ,      Δ p   w  ,      T w  in   ,  T w  out   ,  T a  in    , and    T a  out    ; and    α f    includes uncertainty computed for any   j  th    derived quantity such as    Q w  ,      Q a   ,    Δ T   , and    P  pumping    . Calculated uncertainties are summarized in Table 3. Here,    Δ T    is defined as    Δ T  =  T  in  w  −  T  in  a   .





3. Effect of Printing Variabilities


Before we developed the numerical model, we studied the effect of printing variabilities on iCMHX dimensions due to additive manufacturing. This is the first time such a study has been conducted for any cross-media HXs. For this study, iCMHX was first hardened using an Allied epoxy-set of resin and hardener to retain its original dimensions and then machined into different segments (see Figure 4), which were analyzed using Keyence VR3200 microscope and Hitachi SU-70 FEG SEM.



Some major printing variabilities are discussed below:




	
The wires were extremely squashed in the water flow direction (y axis), such that they acquired spatially varying ellipsoidal shapes instead of nominal circular shapes (see Figure 4a). This could be due to improper functioning of the wire-extruder mechanism of the printer’s metal head.



	
The wire spacings, particularly SL, varied with a high standard deviation, which is evident in Figure 4a. This misalignment among a few rows of wires deviated from the nominal staggered configuration and might have occurred due to precision errors in the movement of the printer’s metal head.



	
Water channel width, Ww, also varied spatially due to variable polymer wall thickness (see Figure 4b), which is possibly caused by precision errors in the movement of the printer’s polymer head. The deviation in the average reading of the width of the water channel from its nominal reading was the highest of all geometrical parameters.



	
The coating thickness of polyurethane sealant (tcoat) around the wire was measured to be around 20     μ m  .  








A statistical analysis on the measured dimensions was carried out, and the summarized dimensions are shown in Table 4.



Based on average measured dimensions, overall iCMHX design parameters (see Figure 1) are formulated, as shown in Table 5. The table also includes the design details of the conventional CPU radiator (see Figure 2b) as measured.



By using the above dimensions, the numerical study is then carried out in the next section.




4. Numerical Study


The numerical study comprises 3D CFD-based simulations at the segment-level and an analytical-based model at the entire HX level. This is the first time such a modeling approach has been adopted innovatively for cross-media HXs containing finned surfaces on both air and water-side channels. This approach saves computational time as only segment-level based CFD simulations are performed instead of entire HX-based simulations. This computational advantage offered by the present numerical model might also be useful for design optimization of HXs in the future. The segment-level based 3D CFD study is performed on ellipsoidal shaped wires or tube-banks. Although several studies have been performed on ellipsoidal shaped tube-banks [31,32,33,34,35,36], limited studies have been performed that are directly relevant to the current study’s elliptical eccentricity, tube-bank spacing parameters, and laminar flow conditions.



From the flow path shown in Figure 1, the hot liquid representing heat carried from the CPU enters the iCMHX inlet, where it becomes divided into half of the total liquid channels (ncw/2); it is separated from the other half of the channels via a thin polymer wall located in the top manifold. The inlet liquid traverses downward in the y direction and then mixes at the bottom manifold before flowing up in the other half of the liquid channels in the y-direction, facilitating a double-pass liquid-flow. Simultaneously, cold air flows pass iCMHX across nca air channels in the x crossflow direction. Due to the temperature difference between the fluids (   Δ T  =  T  in  w  −  T  in  a   ), heat is transferred between hot liquid and cold air, as shown in the thermal circuit diagram for a given wire in Figure 1c. Extending the thermal circuit analogy for the entire iCMHX, Rtotal is formulated as shown in Equation (8).


   R  total   =  R a  +  R w  +  R  cond    



(8)







Thus, in order to compute overall HX resistance, convective (   R a  ,  R w   ) and conductive thermal resistances (   R  cond    ) present in iCMHX need to be determined. However, resistances can only be determined if convective heat transfer coefficients on the air and water sides are known. Thus, a simplified 3D CFD model for ellipsoidal tube-banks is created for both air-side and water-side domains to obtain air-side and water-side heat transfer coefficients. The 3D CFD better captures the boundary effects than a 2D model. This model is also used to determine air-side and water-side pressure-drop values. Once the performance parameters from the 3D CFD model are obtained,    R  total     of the entire HX can be then computed analytically.



4.1. 3D CFD Model


As shown in Figure 1a, the entire HX model domain consists of ncw water channels and nca air channels separated by polymer walls. One method to obtain convective fluid heat transfer coefficients is by determining the Nusselt number of the fluids (    Nu  a    and     Nu  w   ), as explained in the literature [36,37]. Since the Nusselt number is dependent only on flow and geometric conditions, representative air-side and water-side domains can be modeled independently and separately to obtain respective fluid heat transfer coefficients.



The water-side domain for the current study is obtained by simplifying one of the water channels of the iCMHX, as shown in Figure 5a,b.



This is performed by assuming uniform fluid flow and temperature profile across all water inlets. As shown, the water-side domain is first reduced from a single water channel to a single symmetrically half water channel consisting of    L a  ×  W w  / 2 ×  L w    dimensions. The 3D domain, however, can be further reduced along    L a    and    L w    dimensions. A symmetric flow field is expected along the y-direction for given flow ranges (30 < Rew < 80, see nomenclature), as similarly observed in the literature [38]. Thus,    L a    dimensions, including    N L    wires, can be reduced to a symmetric domain consisting of two consecutive wires in the  x -direction    S L    distance apart. The effect of the wall boundary in the x-direction is modeled separately by using similar domain and boundary conditions. For the    L w    dimension, the computational domain in the y-direction can be reduced by using at least 20 wires, as the equivalent number of wires in the longitudinal direction to waterflow (2   N T   ) is too large. These equivalent wires are defined based on longitudinal spacing between the wires (ST/2) along the waterflow direction. Since the water channels are too narrow, the ratio of width of the water-channel (Ww) to transverse spacing between the wires (2SL) is much less than 5; therefore, the velocity component and gradients of the velocity field of the water flow in the z direction cannot be neglected, as explained in the literature [17]. Thus, the wall boundary condition on the polymer wall must be modeled.



Similarly, the air-side domain can be obtained from one of the air channels of the entire iCMHX, as shown in Figure 5a,c. As shown, the air-side domain is first reduced to a single symmetrically half air channel consisting of    L a  ×  W a  / 2 ×  L w    dimensions. As the airflow is also expected to have a symmetric flow field in the x-direction for given flow ranges (  25 <   Re  a  < 70  , see nomenclature), the 3D domain is then further reduced along    L w    dimensions, including    N T    wires, to a symmetric domain consisting of two consecutive wires in the y direction at    S T  / 2   distance apart. The rest of the other dimensions can be simplified. Since the air channels are too wide (   W w  /  S T   >> 5 ), the wall boundary condition in the z direction might not be needed. However, for consistent boundary conditions, it is modeled as a 3D domain, such as the water side.



Both air-side and water-side computational domains are created in Gambit software using MATLAB scripting. Each computational domain is obtained by first using edge-meshing operation along with mesh-refinement on the wire edges, followed by face meshing operation on the surface using triangular elements and pave scheme. Later, hexahedral and wedge type elements along with cooper scheme suitable for cylindrical surfaces, are used to mesh the entire domain volume.



A velocity inlet condition is imposed on the surfaces where the fluids enter their respective domains, while a pressure-outlet condition of zero Pa is imposed on surfaces where the fluids exit the domains. In order to ensure that the upstream and downstream boundary conditions do not affect the results, the inlet and outlet are kept at around 11Dh from the first and last wires, as is performed in the authors’ past study [23]. A temperature Dirichlet wall-boundary condition is imposed on the ellipsoidal wires. Some constant temperatures can be considered at the inlet and the wires as temperature does not affect the Nusselt number, assuming that thermophysical properties are constant. The meshed domains are separately simulated in Ansys Fluent for different flow velocities,    v b   , with assumptions and solver details mentioned in Table 6.



Flow velocities are calculated from flowrates, as shown in Equations (9)–(11):


   A a  flow   =  W a   (    nc  a   )   S T   N T   



(9)






   A w  flow   =  W w   (    nc  w  / 2  )   S L   N L   



(10)






   v b    i  =     m ˙  w     ρ i   A i  flow      



(11)




where index  i  takes the value of  a  and  w .



For thermal performance, Nusselt numbers for both fluids are obtained using the Eff-NTU method as detailed in [23]. Typical velocity and temperature contour plots at some given flow rate for the air-side domain are shown in Figure 6.



Once     Nu  a    and     Nu  w    are obtained based on the geometric parameters such as,    D h   , ST, and SL and flow parameters such as Reynolds number and fluid heat transfer coefficients for both air and water are determined from Equation (12). The definition of    D h    is based on circular area (     π D   h 2  / 4  ) equivalent to the actual ellipsoidal area (     π D   a   D b  / 4  ) (see Figure 4a):


   h i  =     Nu  i   k i     D h     



(12)




where index  i  takes the value of  a  and   w .  .



Similarly, for hydrodynamic performance, Euler numbers are obtained for both the fluids based on the total number of wires simulated and    v b   . A detailed analysis can be found in [23].



Furthermore, to check the independence of the CFD results from convergence tolerances and mesh sizes, a residual independence study is carried out, followed by a mesh independence study. For the residual independence study for a given mesh, continuity residuals are varied from     10   − 5     to     10   − 6     and the Euler and Nusselt numbers are observed to vary within   0.02 %  . For the mesh-independence study, residual independent values of Euler and Nusselt numbers are used for a given mesh. Mesh cells are varied uniformly in all x-directions, y-directions and z-directions. For the air side, as mesh cells vary from 880,000 cells to about 2,100,000 cells,     Eu  a    and     Nu  a    are found to vary within 0.7  % .   Similarly, for the water side, as mesh cells vary from 340,000 cells to about 3,600,000 cells,     Eu  w    and     Nu  w    are found to vary within 2  % .  



A graphical representation of CFD-obtained convective heat transfer coefficients (   h a    and    h w   ) is shown in Figure 7.




4.2. Analytical Model for the Entire HX


For overall HX thermal performance,    h i    computed from Equation (12) can be used analytically to compute    R a    and    R w    based on the total heat transfer area of the entire HX. However, there is also an additional convective resistance due to the polyurethane coating on the wire. The resulting heat transfer coefficient due to the coating can be defined based on cylinder thermal resistance, as defined in the literature [37] and shown in Equation (13). It is computed to be around 11,483     W  /  m 2  K  .


   h  coat   =   2  k  coat      D h  log  (     D h  / 2 +  t  coat      D h  / 2    )     



(13)







The effective heat transfer coefficients can, thus, be calculated as shown below:


   1   h  eff     i    =  1   h i    +  1   h  coat      



(14)






   R i  =  1   h  eff     i   A i  fins    η i     



(15)




where index  i  takes the value of  a  and   w .  



Here, fin-efficiency (   η i   ) is computed with adiabatic fin-tip assumption [37], as shown in Equations (16)–(18).


   m i  =     4  h  eff     i     k  wire    D h       



(16)






   L i c  =    w i   2   



(17)






   η i  =   tanh  (   m i   L i c   )     m i   L i c     



(18)







The total fin-heat transfer area for the entire HX is estimated as shown below:


   A i  fin   =    π D   h   w i   N a  fins    N w  fins     nc  i   



(19)




where index  i  takes the value of  a  and  w .



Furthermore, conductive resistance is computed analytically from Equation (20), and    R  total     can now be obtained from Equation (8):


   R  walls   =    t  wall      k  wire    A  wire   CS      



(20)




where    A  wire   CS   =  (  2 ×   nc  w   )  × π    D h 2   4   N a  fins    N w  fins    .



The total heat transfer rate is now obtained by using the Eff-NTU method for the entire HX for crossflow configuration for both fluids unmixed [37], as shown in Equations (21)–(26).


    UA   overall   =  1   R  total      



(21)






   C  min   = min  {   C a  ,  C w   }   



(22)






    NTU   overall   =     UA   overall      C  min      



(23)






   C r  =    C  min      C  max      



(24)






   ε  HX   = 1 −  e   1   C r      NTU   overall   0.22   (  e  −  C r    NTU   overall   0.78     − 1 )    



(25)






  Q =      ε    HX    C  min    Δ T   



(26)







Similarly, for the overall hydrodynamic performance of HX,     Eu  a    and     Eu  w    obtained from CFD in the previous section are used analytically as shown below:


     Δ p   a  =  1 2   ρ a   v   b a   2   N L    Eu  a   



(27)






     Δ p   w  =  1 2   ρ w   v   b w   2  ( 2  N T  )   Eu  w  × 2  



(28)




where 2NT represents the effective number of wires in the longitudinal direction to the waterflow rate, while the other multiplicative factor of 2 corresponds to the double-pass waterflow.





5. Results and Discussion


This section validates the numerical study using experimental results for both water-side and air-side testing. The present numerical study is further compared with the authors’ past numerical work [23,24].



5.1. Validation of Numerical Results with Water-Side Testing Data


Water-side testing is based on the test data showing an energy balance of up to   ± 1.5 %  . Thermal performance is tested by varying water-side flowrate on a normalized thermal parameter,  Δ T/Q, as shown in Figure 8. It is observed that as flowrate increases,  Δ T/Q decreases in an inverse power law form. This is because the increasing flow rate increases the water-side heat transfer coefficient (   h w   ) or decreases    R w    (see Equation (15)). This further reduces overall thermal resistance, which is proportional to  Δ T/Q. A 168 %  increase in the water-side flowrate results in about 26 %  decrease in    Δ   T/Q. The experimental results are further validated with the present numerical approach, and a match well within 8 %  is observed. The present numerical approach is also comparable to the authors’ past numerical work based on nominal design and excludes the effects due to coating, wall-boundaries in x and z-directions (see Figure 5) and dimensional changes due to printing variabilities. The combined effects due to dimensional changes and wall-boundaries on the water-side parameters such as Nusselt number (Nuw) are more significant than that on the air-side. Water-side dimensional changes such as reduced water-channel width (Ww) and reduced transverse fin-spacing-ratio on the water-side (2SL/Dh), result in a net 20% higher    v   b w      than nominal. This significantly increases the water-side Nusselt number as compared to the past numerical work and as typically observed in the literature [39]. The Nusselt number inside the channels is further increased due to augmented flow and thermal field due to the wall-boundaries. Thus, considering all net wall and dimensional effects, water-side resistance (Rw) is expected to decrease or the heat transfer coefficient (hw) is expected to increase significantly as compared to the past numerical study. Now, to compute the effective water-side resistance, coating resistance is then included. This coating effect, however, greatly reduces the effective heat transfer coefficient on the water-side (   h    eff  w     ) to half of the value obtained due to dimensional changes (hw) because hw is comparable to = coating heat transfer coefficient (hcoat) in magnitude (see Equation (14)). This results in an effective increase in Rw by 18 to 23% as compared to the past numerical study. Similarly, the combined effects due to dimensional changes and wall-boundaries affect air-side parameters but to a lesser extent as the air-side dimensions do not deviate much from the nominal. Thus, considering all net effects, air-side thermal resistance (Ra) is also expected to slightly decrease. Further inclusion of coating effect, however, does not affect Ra as hcoat >> ha. This results in an effective decrease in Ra, as expected, to about 5–5.2% than nominal. The total resistance (Rtotal), which is majorly dominated by the air-side as Ra constitutes about 63–77% of the total resistance (Equations (8) and (15)), is found to be comparable to the past numerical study to within 0.4%.



The hydrodynamic performance,      Δ p   w   , is measured directly. However,      Δ p   w    includes the pressure drop from the connecting flexible plastic tubes, the integrated top-bottom liquid-side manifolds, and the HX core. Thus,      Δ p   w  core     across the test section can be obtained by subtracting the extra pressure drop due to tubes and manifolds from measured      Δ p   w    values, as mentioned in the authors’ past study [24]. HX core pressure drop is observed to increase with the increasing flow rate in a quadratic manner, as shown in Figure 9.



The present numerical study also matches experimental results to within   17.8 %  . The deviation increases with an increase in water-side flowrate due to losses associated with    v w 2    (see Equation (28)). The present numerical approach significantly outperforms the past numerical study, which includes the effects of wall-boundaries and water-side dimensional changes. As dimensional changes result into 20% higher velocity of water than the nominal, a higher pressure drop is expected, as observed in the literature [40]. To add to this, the squashed fin-shape on the water-side (see Figure 4a) also results in higher pressure-drop than nominal. In addition to these dimensional changes, the wall-boundary effects in x and z-directions (see Figure 5b) were not considered in the symmetric 2D CFD model of the past numerical study. Since there are a small number of    N L    wires in the x-direction, the viscous effects of the boundary layer along the wall are not quantified in the past numerical study. It is observed that, along the x-direction, a thick boundary layer was developed near the walls due to small spacings between the wall and the nearest wires in the x direction, S. This causes the flow to choke around those wires (see Figure 10), resulting in about 17% increase in      Δ p   w  core    . In order to avoid choking the flow, spacing should be increased (S’) in the future. However, in practice, an optimal spacing should be selected, as large spacing can cause flow bypass. Similarly, due to narrow water channels, the wall-boundary effect in the z-direction alone results in almost 35% increase in      Δ p   w  core     as compared to the past numerical study.




5.2. Validation of Numerical Results with Air-Side Testing Data


Similarly, air-side testing data are based on test data exhibiting an energy balance of within  ± 2.3%. Thermal performance is studied by the effect of varying airflow rate on      Δ T   Q   , as shown in Figure 11. As      m ˙   a    increases,      Δ T   Q    also decreases in the inverse power law form due to decreasing    R a  .   About 153% increase in airflow rate results in about 35% decrease in      Δ T   Q   . The testing results are further compared with the present numerical model and match well within 4.16  % .   Compared with Figure 8, Figure 11 provides a steeper slope, which confirms the earlier reasoning that the air-side is the limiting side due to    R a  ≫  R w   . These results are comparable with the past numerical study. This can be explained based on the cumulative effect in    R a    due to coating and dimensional changes, resulting in comparable thermal performances, as discussed in the previous section.



Similarly, the hydrodynamic performance of the air side,      Δ p   a   , is observed to increase with increasing airflow rates approximately quadratically, as shown in Figure 12, matching with the trends observed in the literature [38,41]. The air-side pressure drop also seems to match reasonably well with the present numerical study for low flow-rate points. However, for higher flow-rate points, numerical predictions slightly overpredict experimental results to within 11.7%, which could be due to amplified losses associated with    v a 2    for higher flowrates (see Equation (27). The present model also deviates from the past numerical study, which could be due mainly to dimensional changes such as   4.5  %    contraction in ellipsoidal shape on the air-side as compared to that of the nominal circular shape (see Figure 4a) considered in the past study. This results in smaller wake regions, resulting in reduced pressure drop [42], as compared to the past numerical study.




5.3. Comparison to a High-Performance, Commercially Available CPU Cooler Radiator


iCMHX performance was compared with that of a conventional, high-performance metallic CPU radiator for low temperature and pressure applications. The conventional, commercially available unit was experimentally tested in the same test setup and similar testing conditions as iCMHX (see Table 2). thermal and hydrodynamic performances of the two HXs were compared. Thermal performance is characterized by      Δ T   Q   , while hydrodynamic performance is characterized by the total pumping power,    P  pumping    . Since the pumping power is dominated mainly by the air side due to its high volumetric flow rate as compared to the waterflow rate, air-side test data were used to compare HX performances. As shown in Figure 13, iCMHX delivers performance comparable to the conventional unit to within   10 %  , where the   ± 10 %   lines are drawn with reference to the conventional unit.



For comparable thermal and hydrodynamic performance, iCMHX offers unique design advantages over conventional HX designs. The robust additive manufacturing technique enables customized and complex yet reliable design solutions, such as the cross-media design introduced here, to offset the penalty introduced due to the low conductivity of polymer. For example, given that the air side of the HX is the limiting side, iCMHXs can be designed with increased air-side heat transfer area, possibly by optimal and controlled squashing of the fins into ellipsoidal and flat-ribbon shapes. These ribbon-shaped fins might, however, further increase the water-side pressure drop. This water-side impedance can be mitigated by designing iCMHX in a counter-flow configuration instead, which would also increase thermal performance over that of the present crossflow configuration. This could be performed by changing the water flow direction via modified water inlet channels.



The digital design and manufacture of the iCMHX will inherently reduce costs and speed its manufacture. In addition to this, there are additional advantages of printing on-site/on-demand, generating additional savings in transportation, and packaging costs.





6. Conclusions


A novel, additively manufactured metal-polymer composite integrated cross-media heat exchanger (iCMHX) was experimentally and numerically studied in the present study. iCMHX was experimentally tested and compared with a metallic-based conventional CPU cooler. In addition to the experimental investigation, the performance of the entire iCMHX was numerically investigated using a robust and simplified 3D CFD and analytically based model. This 3D-CFD model is based on ellipsoidal fins in staggered tube banks (   S T  / D     = 3.33   and    S L  / D     = 1.96  ) for a laminar regime (  Re < 100  ). The iCMHX presented here is the first of its kind to have an integrated manifold system attached to the HX core. Three-dimensional fabrication variances from the actual design and their effect on heat transfer and pressure drops were discussed. It was found that the fin shapes were ellipsoidal instead of the designed nominal circular geometry and that this was due to 9% squashing on the water-side channels during the 3D printing process. The numerical model of the iCMHX is robust and computationally much faster when compared to CFD modeling of the entire iCMHX domain. Experimental thermal performance validation correlates well with the numerical model to within   8 %   for the tested flow and operating conditions representing the selected CPU cooling application. The air-side pressure drop validates well with the numerical model to within   11.7 %  . The corresponding water-side pressure drop correlates with the numerical model to within   18 %  . The two major reasons for higher pressure drop on the water side are believed to be due to 1.7 mm narrow water channels and the small spacing between water-side polymer walls and adjacent wires in the x-direction. The validated numerical model can be also used to obtain optimized design of iCMHX for different applications.



Lastly, the comparison of iCMHX performance with that of a conventional metallic-based CPU cooler suggests great progress in digital 3D fabrication of next-generation polymer composite heat exchangers. These HXs offer important advantages, such as lower cost, customized design and fabrication, on-demand and on-site printing of the HX, and the ability to introduce complex yet reliable design solutions that offset the low conductivity of polymers.
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Nomenclature




	
  A  

	
   area ,    m 2    




	
  C  

	
   heat   capacity ,   W / K   




	
    C p    

	
   specific   heat   capacity ,   W / kgK   




	
    C r    

	
the ratio of maximum heat capacity to minimum heat capacity




	
  D  

	
   diameter   of   the   wire ,   m   




	
   Eu   

	
Euler number




	
  h  

	
   heat   transfer   coefficient ,   W /  m 2     K    




	
  k  

	
   thermal   conductivity ,   W / mK   




	
  L  

	
   length ,   m   




	
  m  

	
fin-parameter




	
    m ˙    

	
   mass   flow - rate ,   kg / s   




	
  N  

	
number of fins




	
   nc   

	
number of channels




	
   Nu   

	
Nusselt number




	
  P  

	
   pumping   power ,   W   




	
  Q  

	
   heat   transfer   rate ,   W   




	
  R  

	
   thermal   resistance ,   K / W   




	
   Re   

	
   Reynolds   number    (  =      ρ v   b   D h   μ   )    




	
  S  

	
   spacing ,   m   




	
  T  

	
   temperature ,   ° C   




	
  t  

	
   thickness ,   m   




	
   UA   

	
   thermal   conductance ,   W / K   




	
    v b    

	
   free   stream   velocity ,   m / s   




	
  W  

	
   width   of   channels ,   m   




	
  x  

	
the direction along x axis




	
  y  

	
  the   direction   along   y   axis




	
  z  

	
  the   direction   along   z   axis




	
Greek Symbols




	
  α  

	
uncertainty




	
    Δ p    

	
   pressure - drop ,   Pa   




	
  ε  

	
fin effectiveness




	
  μ  

	
   dynamic   viscosity ,   kg / ms   




	
  η  

	
fin efficiency




	
  ρ  

	
   density ,   kg /  m 3    




	
Subscripts




	
  a  

	
air




	
   avg   

	
average




	
   cond   

	
conductive




	
   eqv   

	
equivalent




	
  f  

	
flow




	
  h  

	
hydraulic




	
  l  

	
longitudinal direction




	
   max   

	
maximum




	
   min   

	
minimum




	
   nf   

	
no flow




	
  o  

	
overall




	
  r  

	
ratio




	
  t  

	
transverse direction




	
   th   

	
thermal




	
  w  

	
water




	
Superscripts




	
  c  

	
corrected




	
   cs   

	
cross-section




	
   in   

	
inlet




	
   out   

	
outlet




	
  s  

	
surface




	
Abbreviations




	
   ABS   

	
acrylonitrile butadiene styrene




	
   COP   

	
coefficient of performance




	
   CPU   

	
central processing unit




	
   DAQ   

	
data acquisition




	
   EB   

	
energy balance




	
   EFCAM   

	
embedded fiber composite additive manufacturing




	
   FDM   

	
fused deposition modeling




	
   HX   

	
heat exchanger




	
   iCMHX   

	
integrated cross-media heat exchanger




	
   NA   

	
not applicable




	
   NTU   

	
number of transfer units




	
   SEM   

	
Scanning Electron Microscope




	
   Vol   

	
Volume
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Figure 1. (a) A double-pass iCMHX design showing cross-media approach; (b) planar views showing staggered configuration; (c) planar views showing simplified heat transfer domain. 
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Figure 2. (a) Additively manufactured iCMHX and (b) conventional CPU radiator. 
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Figure 3. Schematic of the test loop. 
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Figure 4. (a) SEM image for wire spacings and wire shape and (b) microscope image of varying water channel width. 
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Figure 5. Domain simplifications: (a) entire iCMHX domain; (b) simplification to water-side domain; and (c) simplification to air-side domain. 
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Figure 6. Contour plots of (a) velocity and (b) temperature for some particular flow-rate at symmetry plane of the air-side domain located    W a  / 2   distance from the wall. 
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Figure 7. Convective heat transfer coefficients obtained from 3D CFD based on Equation (12) for (a) air side and (b) water side. 
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Figure 8. Comparison of experimental and numerical results of    Δ T  / Q   for different      m ˙   w   . 
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Figure 9. Comparison of experimental and numerical results of      Δ p   w  core     for different      m ˙   w   . 
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Figure 10. Choking effect around the nearest wires to the wall due to small spacing    ( S )    (on left) and no-choking effect around those wires if S is increased (S’) (on right) at some particular flow-rate. 
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Figure 11. Comparison of experimental and numerical results of    Δ T  / Q   for different      m ˙   a   . 
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Figure 12. Comparison of experimental and numerical results of      Δ p   a    for different      m ˙   a   . 
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Figure 13. Comparison of experimental    Δ T  / Q   for different pumping powers    P  pumping     for both iCMHX and conventional CPU radiator. 
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Table 1. Technical specifications of measuring instruments.
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Fluid

	
Equipment

	
Specifications

	
   Uncertainty   ( ± )   






	
Water side

	
Chiller

	
ThermoNESLAB RTE 7 (R134A)

800 W heater

  − 25   ° C      to   150   ° C  

	
NA




	
Pump

	
Micropump I-Drive

(Type 76,003)

0 to 12.33 g/s

	
NA




	
Coriolis Flowmeter

	
Endress+Hauser Promass 83 A

Nominal Diameter: 1/12”

0 to 27.7 g/s

	
0.1% of measured value




	
Manometer

	
0 to 17.85 kPa

	
50 Pa




	
Parallel Thermopile

	
Omega T-type thermocouples

  − 250   ° C   to   350   ° C  

	
   0.22   ° C   




	
Air side

	
Blower

	
Baldor Industrial Motor—3Phase (F198 series)

0 to 89 g/s

	
NA




	
Pre-Chiller

	
Forma Scientific Model 2067

650 W heater

  − 20   ° C      to   70   ° C  

	
   0.02   ° C   




	
Rotameter

	
Fischer & Porter

(Model No. 10A4557S)

0 to 32 g/s

	
   0.3    g  / s   




	
Analogue Pressure Gauge

	
Magnehelic Dyer Instruments

0 to 64 Pa

	
   1.25    Pa    




	
Thermopile Parallel

	
Omega T-type thermocouples

  − 250   ° C   to   350   ° C  

	
   0.16   ° C   
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Table 2. Operating conditions for the experiment.
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iCMHX

	
Conventional Unit




	
Temperature Conditions




	
       T   a    i n       ( ° C )    

	
12.8–16.6

	
12.5–15.4




	
     T   w    i n      ( ° C )   

	
42.4–45.5

	
44–48




	
Flow Conditions




	

	
Air-side Test

	
Water-side Test

	
Air-side Test

	
Water-side Test




	
       m ˙  a     (   g  /  s   )    

	
10–30.8

	
21.9

	
12–29

	
29.2




	
     m ˙  w    (  g  /  s )    

	
9.5

	
3.5–9.5

	
9.6

	
3.6–9.6
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Table 3. Calculated uncertainties for key pressure-drop and heat transfer parameters.
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	Derived Quantities
	   Calculated   Uncertainty   ( ± )   





	    Q w    
	1.8–3%



	    Q a    
	1.7–2.6%



	      Δ  T  Q    
	1.1–2.2%



	    P  p u m p i n g     
	3.3–12%
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Table 4. Measured dimensions of iCMHX due to printing variabilities.
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Nominal

	
Measured




	

	
(mm)

	
Average (mm)

	
Standard Deviation (mm)

	
Range (mm)

	
Number of

Measurement Points






	
       D   a     

	
0.44

	
0.48

	
0.042

	
0.343–0.686

	
982




	
       D   b     

	
0.44

	
0.42

	
0.045

	
0.275–0.566

	
1025




	
       S   T     

	
1.4

	
1.4

	
0.15

	
0.472–2.78

	
941




	
       S   L     

	
1

	
0.94

	
0.253

	
0.224–1.74

	
850




	
       W   w     

	
2

	
1.79

	
0.18

	
1.23–2.13

	
106




	
       t    w a l l      

	
1

	
1.08

	
0.127

	
0.85–1.48

	
49
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Table 5. Design details, as measured, of the current iCMHX unit and conventional CPU radiator.






Table 5. Design details, as measured, of the current iCMHX unit and conventional CPU radiator.





	

	
iCMHX

	
Conventional CPU Radiator






	
Overall design




	
     L   a          (  m m  )   

	
16

	
15




	
     L   w           (   m m   )    

	
119.6

	
118




	
     L    n f           (  m m  )   

	
119

	
109.75




	
     m    H X            (   m m   )    

	
253.2

	




	
    V o    l    H X            (   m    m  3   )    

	
2.27 × 105

	




	
Polymer geometrical parameters




	
     W   a          (  m m  )   

	
19

	
7.23




	
     W   w          (  m m  )   

	
1.79

	
1.9




	
     t    w a l l            (   m m   )    

	
1.08

	
0.13




	
      n    c   a     

	
5

	
12




	
      n    c   w     

	
6

	
13




	
Fin geometrical parameters




	
     S   T          (  m m  )   

	
1.4

	
1.241




	
     t    f i n            (   m m   )    

	
-

	
0.2




	
     S   L          (  m m  )   

	
0.9

	
-




	
     D   a           (   m m   )    

	
0.48

	
-




	
     D   b     (  m m  )   

	
0.42

	
-




	
       N   T     

	
14

	
-




	
       N   L     

	
84

	
94
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Table 6. Assumptions and solver details.






Table 6. Assumptions and solver details.





	Assumptions



	Laminar flow, steady-state, incompressible flow



	Constant fluid and material properties



	Uniform fluid flow and temperature profiles at the inlets



	Solver Details and Methods



	PRESTO for pressure

1st order upwind for momentum and energy

Coupled scheme for pressure and velocity



	   Convergence   tolerance :     10   − 6          for   continuity   and   momentum ;     10   − 14     for energy
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